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Abstract

Vast resources of unceentional gas and, potentially natural gas liquids occur in shales in-eagfern
British Columbia (NEBi@)Devonian mudrockd he reservoir properties and preseday petroleum
systems otheseDevonian mudrocks iNEBC (Liard B, Horn River Basimd Cordova Embayment)
and Western Alberta have been investigated in this research. In the studyparspective gas and oil
shale reservoirs include the Horn River and Muskwa formations and equivalent horizomsthétesa

Rive Formation of the Lial Basin.

The Muskwa and Horn River formations are largely over mature with respect to the oil window within
NEBC with maturity decreasing from west to east. Quartz (mainly biogenic in origingisntieant

mineral, particularly vithin the Muskwa Formation where quartz content has an average of 71 wt%. The
Horn River Formation contains more carbonate and clay minerals than the Muskwa Formation with an
average quartz content of only 43 wt%. TOC contanges from <1 % to 12%, wiin aerage of 2.9%.
TOC is highest within the Muskwa Formation and Evie Member of the Horn River ForQatiotz and
TOC exhibit similar trends onegional scale with the highest quadrnd TOC found within the central

and northern portions of the HorRiver BasinPorosity values range from 1 to ®th an average of 5%

in the Muskwa Formation and 3.5% in the Horn River Formation.

One dimensioal basin models constructed at 24 wleltations across the study area demonstrate the
impactof different geological events on thdepth ofburial andpresent daythermal maturity of the
basin.In all of the models, peak burial (and peak maturity) ocalidaring foreland subsidenc&he
timing of hydrocarbon generation varies greatly across the study areaadvarying amountsf
subsidence during the Paleozoidfeling heat flow regimes, and the depth of maximum burial during

foreland subsidence with the onset of generation ranging from the Carboniferous in the Liard Basin to



the Late Cretaceous in Westertb@rta. The resuft of the basin models can help idegtffotential areas

of condensate production withiNEBC.



Lay Summary

Vast resources of unconventional gas and, potentially natural gas liquids occur in shales in the Horn
River and Liard Basiasd Cedova embayment in norteasten British Columbia (NEBC). The

exploitation of these resources requires advanced drilling and completions technatotyyding

horizontal drilling and mukstage hydraulic fracturingpaired with sound geological uatstandng

including reservoir chargerization, producible reserve volumes, distribution and type (oil, condensate

or gas) of hydrocarbons present, and the geological framework controlling such factors. The purpose of
the proposed study is to contribut@tthe prediction of hydrocarbon disitoution and producibility,
particularly natural gas liquids, within the complex Horn River and Liard Basins using integrated
modeling and petrophysical analyses. This approach will allow for a quantitative understahtlieg
petroleum system including ehtiming, volume, and type of hydrocarbons generated, timing and

distribution of migration, and evaluation of retained hydrocarbons.
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Chapter 1. Itroduction
1.1 Introduction

Amulti-faceted study using petroleum systems analyses gretauthed with petrophysical and
geochemical analyses of core and cuttings was undertaken to contribute to the prediction of
hydrocarbon distribution, reservoir qualitynd produciblity of Devonia shales in the Horn River and
Liard Basins, Cordova Embayment, and adjacent western Alfségiares 2.2 and 2).3Examination of
reservoir properties and maturity modeling allowed for the determination of types and volumes of
generated andetained hydra@arbons throughout the basin(s) evolution and the geological factors

controlling the present day distribution of hydrocarbons.

Northeastern British Columbia (NEBC), southern Yukon and Northwest Territories, and adjacent western
Alberta contiin immense valmes of hydrocarbons which are held within multiple stratigraphic

intervals. Initial development in the area occurred as a result of conventional exploration and
production from (mainly) Devonian carbonate formations starting iK S mtamicki 2E08)\ith the
advent of horizontal drilling and mulstage fracturing the focus is now the immense potential of
unconventional reservoirs, specifically the Besa RMeskwaand Horn RiveFormations. The

estimates of marketable gaeserves @ significantwith volumes in the Liard Basin greater than 200
trillion cubic feet (TCF) (5.7x#®n3), 78 TCF (2.2x¥n%) in the Horn River Basin and 8.8 TCF (215x10

m?3) in the Cordova Embayment, as well as potential for significantlligservegNational Enegy

Board, 2011; Ferri and Griffiths, 2014; British Columbia Ministry of Natural Gas Development, 2015;
National Energy Board, 2016). The majority of the gas reserves are hosted within Devonian strata. The
Devonian stratigraphyfdhese basis is comprisedf thick accumulations of organih, highly

prospective finegrained formations including the Muskwa, Besa River, and Horn River (Evie and Otter

Park Members) formations that occur over a large areal extent.



Over the last deade, manytsidies have foased on the unconventional intervals within NEBC (Ross and
Bustin, 2008, 2009; Chalmers et al., 2012; Ferri et al., 2011, 2013, 2014, 2015; Fiess et al., 2013; Harris
and Dong, 2013; Balogun, 2014; Ferri and Griffiths, 2014%€T$tadies Ave concentratd on source

rock analysis, sedimentology, and shale rock properties, thereby, enhancing the understanding of
prospective intervals. This research builds upon this previous work, and gsaegional insight as to

the evolution d these impatant basins ad assesses some key reservoir properties associated with

successful production from unconventional plays.

1.2 Thesis Objectives and Thesis Structure

The two main objectives of this thesis are to extend and enhance reservoaotbazatio in a regional

and thermal maturity context, and create basin models to determine hydrocarbon evolution and

present day distribution. These two objectives are addressed in two standalone but interrelated papers.
The first paper (Chapter 2)dases on ca based petrophsical analysis of the Muswka and Horn River
formations and the second chapter (Chapter 3) deals with petroleum systems analysis and basin

modeling.

In chapter two, petrophysical analyses along key cross sediisterpretedto enhance e
understandimg of reservoir properties. Through a number of different analyses thermal maturity,
mineralogy, porosity, pore size distribution, and pore structure are evaluated. The relationship of
various reservoir properties and the geolagicontrolsinfluencing reervoir variability is discussed. The

data acquired for this study is integrated witlbliclyavailable data.

In chapter three, petroleum systems modeling is used to evaluate the burial and thermal history of the
study area andte presertday Devonian pebleum systems. The oadimensional models are
calibrated with measured thermal maturity data to provide quantitative information on the burial and

thermal history of the basin. The models address the timing and magnitude afdamthon geneation



which isthen related back to subsequent migration and presday distribution and producibility of

hydrocarbons.



Chapter 2: Petrophysical Analysis of the Muskwa and Horn River
Formations: Horn River Basin, CordBwstayment, andVestern
Alberta*

2.1 Introduction
The exploration of unconventional resources is an important component of industry activity in North

America, including the Western Canada Sedimentary B&gGSB)vhere organic rich mudrocks are
prevalent.In northeasternBritish ColumbigNEBGC)the Devonian stratigraphy is dominated by
important organic riciine-grainedrocksof the Muskwa and Horn River Formations. These formations
cover a large expanse of the subsurface within the Horn River Basiroatiml/&€ Embaymet and host
significant volumes of gas. Despite the proven gas reserves (National Energy Board, 2011; Ferri and
Griffiths, 2014; British Columbia Ministry of Natural Gas Development, 2015; National Energy Board,
2016), exploitation and prodition of thesereservoirs has not reached the prolific levels of other

noteworthy shale playssuch as the Eagle Ford or Marceltlise to market access.

Numerous previous studies have investigated various aspects of the Devonian stratigraphy within NEBC
(Stesiuk and Fover, 2004; Ross, 2007; Ross and Bustin, 2008, 2009; Ferri et al., 2011, 2013, 2014, 2015;
Chalmers et al., 2012; Harris and Dong, 2013; Balogun, 2014; Dong et al., 2014; Ferri and Griffiths, 2014,
Dong, 2016). These studies have focusednashale compogion, porosity and permeability,

geochemistry, thermal maturity, and overall resource potential of the Devonian strata. This research
builds upon previous studies and uses a mgilsciplinary approach to further investigate the

prospectiveintervals andheir associated complexities through detailegre-basedanalyses.

Utilizing data collected for this study along wihbliclyavailable data allowed for evaluation of

reservoir properties in the Muskwa and Horn River Formations, includargd maturty, organic

*A portion of this chapter has been publishaffilson, T.K. and Bustin, R.M. (2018): Regional Variability of Reservoil
Properties of the Devonian Shales of Northeasteitidh Columbia; in Geoscience BC Summary of Activiligg,2
Geoscience BC, Report 261.80. 5164.



potential, shale composition, and porosity and pore size distributions. These reservoir properties have
been investjated based on spatial and stratigraphic variations within a geological and basin evolution
framework.

2.2 RegionabeologicaBackground

2.2.1 Overview and Study Area
During the Devonian and Mississippian periods, NEBC was situated along the edge bloptiot

America(Figure 2.1)As in other parts of the Western Canada Sedimentary Basin (WCSB), the
stratigraphy duing this tire is dominated by shale and carbonate packages which are related to major
transgressive and regressive cycles. The basinahgetfithe study area resulted in deposition of thick
packages of fingrained sediments, whereas to the east stredighically guivalent carbonate units

were deposited in shallower water. Extensional block faulting synchronous with the Antler Orogeny
influenced Paleozoic deposition by creating salient features such as the Liard Basin and Fort St. John
graben (Wright etl., 1994)Evolution of the region has been affected more recently by the formation

and development of the Cordilleran Foreland Fold ahdit Belt.

This study focuses on the British Columbia portion of the Horn River Babkibadova Embayment
(Figure2.2), an aea that encompass over 1.5 million hectarBsijonal Energy Board, 2011). The
boundariesof the Horn River Basiare theBovieFault complex onthe wes, KS t NBalj dzQA f S
on the south and easind the British Columbia/Northwest Téaries borcer to the north The

t NSal dzQA f SurroundsBidil iébour@iStiie Cordova embayment to the west, south and east.
Thereis an overall shallowing of tretudy areaand general thinning of Devonian shale units from the

southwest to northast.

2.2.2Stratigraphy
The Devonian stratigraphy of the Horn River Basthasacterizedy a number of mudrocknd

carbonate formations. The basal mudstone unit is the Middle Devonian Horn River ForfiHRiBjThe



Horn River Formation isnderlainby the LowerKeg River Formation. To the east of the Horn River
Basin, the Lower Keg Rivesmoverlain by thelatform carbonates bthe Upper Keg River Formatiorhe
Upper Keg River Formation now forpesrt of the Presg@le Barrier Reef Complex. Synchoass to the
Upper Keg River Formation, the transgressive shales of the Horn River Formation were beirtgadleposi
within the Horn River Basin. The Horn River Formation consists of the lower erigaritczie Member

and upper organitean Otter Park Membeiln some pulitations the Muskwa is considered the third
member of theHRHGray and Kassube, 1963; Willian®82; Ferri et al, 2013; Ferri and Griffiths, 2014),
but for the purposes herein will be considered as the overlying formation (Ferri et al, 28is &hd

Dong, 2013; Ferri and Griffiths, 2014). Overlying the Muskwa is the orlgmid-ort Simpson Forrtian

and in turn the Fort Simpson Formation is overlain by several carbonate successions (Kaskiska, Trout
River, Tetcho, and Ketcho Formations)e Bxshaw Fanation lies abovehese carbonate units (Figure

2.3.

In the Cordova Embayment; the Evie shalkere present, lies above the Keg River Formation and is
overlain by the Klua shale. The Evie and Otter Park are separated by carbonates ofd¢hioBliaand

Watt Mountain FormationsThe Evie and Otter Park pinch out along the barrier edge, however, the
Muskwa Formations extends over the barffBC Ministry of Natural Gas Development, 2015). The Fort
Simpson and Exshaw Formations are observealiginout theCordova EmbaymeniEor a summary of

Paleozoic stratigraphy of NEBC see Figure 2.3.

2.2.3 Deposibnal Environments and Lithology
The Devonian shale sequence was deposited in deepwater embayments (Horn River Basin and Cordova

Embayment). Thehmle sequene (Horn River Formation to the Muskwa Formation) represents two
secondorder sea level cycles withe Muskwa Formation and Evie member representing the
transgressive systems tract for each cycle (Potma et al., 2012). The Muskwa Formatwadischofa

basinwide transgression, that inundated the WCSB and led to extensivewlatgy sedimentation



throughout NEBC and western Alberta. (Switzer et al., 1994). Based on a geochemical study by Fowler et
al. (2001)jnterpret the organic rich Devdan-Missisgppian mudrock intervals represent deep basinal
deposition with regional upwelling and connediyvio the open ocean. Further, the environment was

likely of anaerobic to dysaerobic conditions based on geochemical masgets as the -SFe aml

Re/Mo reldionships,and the lack of any substantial bioturbation (Ross and Bustin, 2009; Bunnell and

Hillier, 2014).

The main lithofacies in the Muskwa and Horn River foramstiare summarised in Figure 2The

Muskwa Formation is dominated by bladkcgous mudtones which are either massive or exhibit
continuous to discontinuous pyritic laminae (Dong ket 2015). The siliceous content of the formation is
mainlybiogenic in origin from the deepwater accumulation of radiolarians (Ross and Bu€i#), #te
presence of which has been shown to have a positive correlation with brittleness (Dong, 2016). This
relationship is apparent in the Muskwa Formation, a notably brittle unit. Minor lithofacies of the
Muskwa Formation, include grey silty mudstonesl @aare carlonate rich mudstones. Sedimentary
structures, which include starved ripples and carbordth laninae, are rare throughout the Muskwa
Formation (Dong et al., 2015). The Muskwa Formation is generally oi@nigith total organic carbon

(TOCkontent rarging from <1 to 7.5 wt%.

The Horn River Formation has a greater variety in lithofacies thaowbeying Muskwa Formation,
containing morediversesedimentary structures, biogenic activity, and carbonate influence. The Evie
Member is dominatd by black #iceous mudstone, but also has a lower carbonate unit which ranges
from a carbonate mudstone ta carbonate grainstone (Dong et al., 2015). The Evie member is organic
rich with a TOC range from <1 to 4 wt%. Allochems include fragmented stibo&thiopds, corals,

and bivalves. The Otter Park Member is organic lean (1 to 2 wt% TOC) and dominatedinated

grey mudstone. This unit exhibits significantly more bioturbation and sedimentary structure (current

ripples, softsediment deformatio, low angleparallel laminae) than the overlying Muskwa and



underlying Evie, indicating shallower water cdiwhs with moderate oxygen levels (Dong et al., 2015;
Dong, 2016). Evie trace fossils are low diversity assemblages and diminutive tracesRiaawlites

and Thalassinoidésindicating a less oxygeith and low nutrient environment (Dong, 2016). This
entire interval of Devonian shales (Muskwa and Horn River Formations) become increasingly

argillaceous from east to west (Ross and Bustin, 2008).

2.3 Materias, Methodology, and Limitations
Core and cuttings samples were collected along two southwesbttheast transects. The location of

the wells was selected to capture the variation in depth of burial and thermal history across the basins,

andtherefore the associated variability in reservoir quality.

2.3.1 Core and Cuttings Samples
Core and cutting samples from the Muskwa Formation and Otter Park and Evie Members of the Horn

River Formation were collected and armdy from 18 wells (Figure3). Where pssible, these samples

were collected at consistent intervals while still making an effort togarall major lithofacies present

in the core. The cuttings were collected at 30 to 50m intervals along the entire length of each well. All of
the core samplesvere analyzed using helium pycnometry &tamsity, mercury intrusion porosimetry

(MIP) for poresize distribution, and-¥ay diffraction (XRD) with Rietveld analyses for mineralogy. Upon
completion of these initial analyses, a subset of saswyieschosenfor more detailed investigation

including C@and N gas adsorption, and field emission scamnétectron microscopy (FEEM). The

cuttings samples along with Muskwa Formation core samples were analyzed for total organic content

(TOC) and thenal maturity (Tmay).

2.3.2 Organic Geochemistry
Total organic carbon (TOC) contents anthXvalues from pyolysis were determined using a HA®K

Pyrolysis analyzer for all of tii@dz{i { sarffpiand 27 of the Muskwa core samples. All samples were



crushed to powder(<60 mesh size) and approximately 100 mg of sample was analyzed. Samples were

analyzed to complement regional data in pulblie domain and data in the UBC database.

2.3.3 Mineralogy
Sample preparation for quantitative mineralogy detenation followed he modified smear mount

method for XRay diffraction analysis (Munson, 2015). Data was collected using nforcoal CoK
radiation ona Bruker® D8 Focus diffractometer with diffraction patterns obtained over the range of 3
70c  H' Isize of 0.08°(aRIl018 seconds. Diffraction patterns were quantified usifuaftéin

fitting Rietveld method on Bruker® AXS Topas\swé.

2.3.4PorosityHelium Pycnometry and Hg Immersion
Unstressed porosity was determined by difference between séketiensity and bulk density. Skeletal

density was determined using a helium pycnometer. Samples were crusheeB® r2@@sh size and
andyzed as received. Each sample was allowed to equilibrate for 300 seconds three different times to
ensure an accurate dermination of skeletal density and porosity. Bulk density values was determined

from Archimedes principal using mercury immersion.

2.3.5 Mercury Intrusion Porosimetry
MIP was performed on a Micromeritics® Autopore IV which has an upper injection grésstiof 60

000 psi (414 MPa) and a corresponding lower limit of 3 nm for pore throat diameter. Both intrusion and
extrusionwere performed for all samples. Samples were crushed to between 4 to 8 mesh (4750
2000um), and then cleaned using the De&tark method for 24 hours and dried before analyzing. The
mesh size was chosen in order to allow for intrusion into these low perniggabiidrocks while trying

to minimize closure and compression effects. All raw data was corrected following the approach

outlined by Munson (2015).

2.3.6 Low Pressure Gas Adsorption
Low pressure gas adsorption (LPGS) utilized be{mNK) and C{273K) was performed on a

Quantachrome® Autosotb. Adsorption and desorption isotherms with 79 pressure steps over a range

9



of P/R, of 0.01 to 0.99. Surface area and pore size distribution results collected from the analysis were
calculated using the Brunau&mmettTeller (BET) Method gNand the BET Method and Dubinin and
Radushkevich (R) equation (C£)and the Barretloyrer-Halenda (BJH) method and density functional

theory (DFT) method. The carbon slit DFT model was used for betmnG Gh.

2.3.7 FIB/IESEM
Samples analyzed with LPGS were also imaged using a Helios NabQdtncused lon Beam Scanning

Electron Microsape. This SEM provided 3nm resolution and a field of view @ih303qm.

2.4 Results

2.4.1 Maturity

2.4.1.1 Analytical Limitations
Results of the pyrolysis analyses for core and cuttings samples are provided in Table 2.1. Many of the

Tmaxvalues are aonymously low (<400°C) due to a broad or indistinct S2 peak from whichtéve T
value is based off. Figure ZBows a variety of pygrams and their associateanxreliability. In high
maturity samples, nearly all of the kerogen has already been ctat/@rto hydrocarbons; therefore,
there is a lack of material available to be pyrolysized during any individual analysis. This Eads to
almost irdistinguishable peak (Figure B.&nd c), and anomalously lovalues despite these samples

being well withn the dry gas window.

Vitrinite reflectancds also an important maturity parameter butléss prevalent in the public database.
Unfortunately, there is also a degree of uncertainty when using vitrinite measurements. The Devonian
shales were deposited in marine environments and the age oFtBeNJY I fré-daty €gaificant land
plants from whit vitrinite forms. As a result, pyrobituen ¢ the thermally evolved and insoluble

portion of bitumeng is often measured and correlated to a vitrinite reflectance value which brings a
level of uncertainty to these reported valu€Bable 2.2)Several bituran to vitrinite correlations have
been developed (Jacobs, 1989; Landis and Gastd995; Schoenherr, 2007). However, it has been

noted that such correlations are limited to certain maturity windows and that the lithology of the

10



formation of interest playsin important role in the relationship étrand, 1993). Regardless of the
correlation usedthere remainsuncertainty associated with pyrobitumen adérivedvitrinite

reflectance values.

2.4.1.2 Pyrolysis Results
Devonian shales in NEBC are general@rmature. Trends in Tmax versus depth earely informative

since the S2 peaks are low and indistinct for nearly all Devonian samples within NEBC, leading to
anomalous Tmax values (Figure)2.Pyrolysis results for the Alberta samples are more relidineto

their lower maturity and hence nre distinct S2 peaks. Maturity within western Alberta ranges from
immature to the upper oil window (Tmax values of 426 to 471 °C). In Alberta, a general increase in Tmax

versus presentlay measured depth occursatl of thestudiedwells (Figure 25).

The overmature nature of the BC samples also limits the use of pséaldrevelen graphs. A pseudo
Van Krevelen graph is a crgdst of the amount of hydrogen in the sample (hydrogen index or HI) and
the amount d oxygen in the sample (oxygen index dy & a method to determine kerogen type.
However, as maturity increases the amount of hydrogen and oxygen in the sample relative to carbon
decreases, and both HI and Ol trend towards thgio as exhibited by Fige1 2.8 This makes it
impossible to distiguish terrestrial and marine kerogen to determine organic matter type. Isotopic
studies of produced hydrocarbons in BC and pyrolysis results of loweritpaiiberta samples (Figure
2.8b), suggest the kerogen i$ marine origin (Type II), with isototgnatures indicative of high

thermal maturity and cracking of wet gas (Norville, 2014). The results from the isotopic signatures uses
the assumption that the produced hydrocarbons are sourced from the kerogem ifothmations.

Vitrinite/ bitumenreflectarce results also point to the high maturity nature of the formations with Ro%

generally being higher than 2.
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2.4.2 Total Organic Carbon

2.4.2.1 TOC Results
TheOil and Gas Commissipnblic database was used along@wadditional data acquired for this sty

to analyze TOC trends. Kerogen type for the Devonian shales is inferred to be type Il, based on pseudo
van Krevelen plots for the lower maturity Alberta samples. The organic content of the Devonian shales
in NEBG@s generally greater than 1% in weigimthe HRB and Cordova Embayment. Combining all
available data for the Muskwa and Horn River formations, TOC averages around 3% in weight, with the
Muskwa Formation and Evie Member generally exhibiting higher véthaesthe Otter Park Member

(Figure 2). Due to potential caving and mixing from organic lean units within cuttings samples, the
average values for cuttings is generally lower than core samples. The cuttings have an average TOC of

2.07 wt% and the core s#ples have an average TOC of 2.88 wit%heMuskwa Formation.

2.4.2.1 Petrophysical Analysisog TOC
In the study area, spatial distribution of TOC data is limited and thus well logs calibrated with TOC

measured on samples were utilised. There are many methodshthat been developed to kallate

TOC from calibrated logs, all of which have limitations (Schmoker, 1980; Passey et al., 1990; Passey et
al., 2010; Sondergeld et al., 2010; Ariketi, 2011; Herron et al., 2011). In this study the nudiied

method devebped by Passey et al. @®) and Sondergeld et al. (2010) has been used to calculate log
derived TOC (equations 2 and 3). TitegR method has been wadblibrated for levels of organic
metamorphism (LOMYHood et al., 1975) from 6 to 11, but underestieaff OC in high maturity

formations due to an increased response from the resistivity log due to kerogen maturation (Passey et
al., 1990; Sondergeld et al., 2010). Therefore, the modified method with the additional multiplication
term, C, is necessary tocirease the log TOC valuasd allow for more accurate calibration with

laboratory values.

1The Level of Organic Metamorphism (LOM) is a thermal maturity parameter used in the calculation of log TOC. It is
related to vitrinite rélectance values, with a %Ro between 2 and 2.5 generallysmoreling to a LOM of 146.
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& o gIng% 1.4y,

TOC= =l b@.RZ-,@JlGSB,L?:M

Where:

R = Resistivity log values

}  Bulk density log values

Ro = Resistivity log baseline value

} o = Bulk density log baseline value
1.4 = Scale ratio factor

LOM = Level of Organic Maturity

C = High maturity modification factor

(2)

(3)

For this study a LOM value of 14 to 16 was used alithga C of 4 to 5n order to achieve a better fit

with measured TOigure2.10 shows measured TOC plotted alongside calculated log TOC for a well in

the central portion of the HRB. A cross plot comparing laboratorg TOC and log TOC (Figur&l}.

demonstrates the relationship between the two methods with &+R®.22. Therés sgnificant scatter,

largely due to the difference in resolution between laboratory methedsdentimete) and well logs

(approximately 15 centimeters) and possible depth discrepancies that may exist between core and logs.

Despite the scatter, 55% dfi¢ dda points fll within the range of +1% TOThe method works best for

moderate TOC values, and breaks down as laboratory TOC values trend to O or above 4 wt%. Laboratory

TOC is generally higher with an average of 3.1 wt% compared to 2.8 wt% fordog TO

2.4.3 Mineralogy
2.4.3.1 XRD Results

The Muskwa and Horn River Formations mineralogy is comprised of quartz, feldspars, clay, and

carbonates with minor amounts of pyrit&he ternary graph in figure 2.18hows the mineralogical

differences between th three units.

Quartzcontent dominates the mineralogy in the Muskwa Formatioithvan average of 66 wt%. Many

Muskwa samples have above 90 wt% quaFte quartz content within the Muskwa Formation is largely

biogenic in origin (Ross and Bustin, 200®3ldpar, mainly albite, comprises approximately 6 wt% of

13



the Muskwa.The carbonate (calcite and dolomite, with minor iron rich dolomite/ankerite) and clay

(illite/muscovite and chlorite groups) components have an average of 8 wt% and 19 wt%, respectively.

In comparison to the Muskwa Formation, the Horn River Formation contains less quartz and feldspar
and more carbonate. In the Evie Member, the carbonate compo(eaitite, dolomite, ankerite) has

range of 18 to 97 wt% and an average of 52 wt%. Totaitgand feldspar averages 41 wt%, and clay
content (illite/muscovite) is minor with an average of 5.7 wt%. The Otter Park Member is the most clay
rich with an average of 18 wt% clay, and 46 and 34 wt% for quartz/feldspar and carbonates,
respectively.

2.4.4 Paosity, Pore Size Distribution and Pore Structure

2.4.4.1 Porosity Results
Unstressed porosity was measured on all of the core samples through helium pycndonetkgletal

densitycombined with bulk density from mercury intrusiofhe core sampleseave deaned by dean

stark and then dried prior to any porosity analysesrosity values were alstetermined byMIP,

however, the high pressures reached during the analysis causes compression of the pore space to occur
which likely led to an underestimaitn of porosity. The pycnometry values, however, are unconfined and
have likely overestimated porosity. Figurd2comparegotal porosity by MICP and pychometry

Helium porosity for the Muskwa Formation and Horn River Formation ranges from 1.2 to 9H &smwit
average of 4.4%. The Muskwa Formation and Evie Member generally have higher porosity than the

Otter Park member (Figure12).

2.4.4.2 Pore Size Distribution Results
Both MIP and LPGS;(&hd CQ) were utilized to determine the pore size distributiohthe core

samples. MIP was completed on all samples, and a representative subset of samples was chosen for
further characterization using LPGS. The methods used characterize different pore s&=; amolg
together have the potential to characterize tleatire pore size distribution (macropores to micropores)

of the testedsamples. The scale used for pore sizes is exhibited in Figte Phe lower limit of
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intrusion for MIP is 3.6nm and is, thereo better suited to characterize pores within the mestw
macropore range. Nitrogen LPGS is best suited for mesopores (2 to 50 nm) Adé@IOcan investigate

pore sizes down to 0.3 nm (Kuila and Prasad, 2013).

In order for MIP results to have utilifgr pore size characterisatiamseries of correctiofactors must

be applied to account for low pressure ingparticle filling and highpressure compression of the
sample. Such correction parameters were applied to all samples following the procedlineaby
Munson (2015). The resulting corrected poizes(throat) distribution curves are presented in Figure
2.16. MIP measured porthroat size are nohecessarilfhe meansize of the pore itself which is what is

calculated from LPGS.

All of the Muskva samples exhibit similar distribution trends, witgrsficant intrusion not occurring

until pressuresquivalentto a pore throat size atOnm. More variation exists within the Evie and Otter
Park MembersFigure 2.16s coloured based on the helium pasgity of the sample and larger pore sizes
do not correhte with higher porosity values for any of the units. Based on the MIP pore throat

distributions significant volume of pores exists below the threshold of this analysis.

Nitrogen and carbon dioxide G5 were performed on 9 Muskwa samples and 4 Evie sample

summary of the results based on the Dubinin and Radushkevich (DR), density functional theory, and
BrunauerEmmettTeller (BET) models are outlined in Tahl& 2ll of the Nisotherms exhibit hyteric

isotherms, that lack aigh-pressureplateau (Figre 217). This shape of isotherm is categorized as Type

IIB (Rouquerol et al., 1998) and indicates the presence of mesopores (hysteresis) and macropores (lack

of plateau). All of the samples exhibiiaropore filling at low P/Pand complete closure of th

hysteresisloopatP#/2 ¥ | LILINPEAYI (1St & nonp O60GSNN¥SR GKS WwWeSyaa
presence of pores of diameter <4nm (Groen et al., 2003). The volume of adsorbed nitrogen varies

between samples, with larger volumes of adsorption expereeshby samples exhibiting relatively high
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TOC contents. G@otherms do not exhibit completed closure, which may be due to the presence of

pores with diameters equivalent to that of the adsorbate (F@g218).

Based on the results from MIP anda&hd CQLPGS the Devonian shale samples analyzed contain a wide
range of pore size@igure 2.19 The average pore width based opllRGS amongst the Muskwa

samples is 3.8nm. Pore volumes and surface drased on the BET method, increase with porosity

(Figue 220). Pore volumes (and pore surface areas) also increase with increasing TOC and increasing
guartz and clay content (decreasing carbonate content). Fig@Etdemonstrates these relationships,

with TOC showing the strongest correlation. Carbonate taunds are an organic lean facies and exhibit
significantly lower pore volumes than the siliceous black mudstone facies. The sample with the lowest
pore volume is a carbonate mudstone with a TOC of 08 % and a quartz content of 7 %, whereas

the samplewith the highest pore volume has a TOC of 3.5 % and a quartz content of 74 %. MIP and LPGS
allow for a quantitative understanding of the pore size distribution of Devonian shale samples, but fail to

directly image the pores themselves.

2.4.4.3 Pore Straare Results
In addition to a quantitative understanding of pore size distribution, there is also a need to understand

the pore structure and where pores are commonly located within in the rock frameWwESEM was

used to elucidate pore structure throhdiigh resolution imaging of representative samples.

Figure 222 shows low and highesolution FESEM images from samples from three different locations
within the study area. These samples represam emember samples for porosity, mineralogy, organic
content andpore size distribution (PSD). Th®@&4-G M2 sample has a porosity of 8.6%, which is at the
higherend of porosity for the Muskwa Formation, and relatively high TOC of 3.54 wt%. Based on the
SEM images, much of this porosity is associated withrtagire organic mattewhich appears as darker
areas on théack scattered electroBEM images due to theviodensity of kerogenThe organic matter
hosted porosity exhibits a range of sizes from approximately a couple of nanometerguo ¢icro to
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maaoporosity). Porositylso isintra- and interparticle pore spaces around the quartz framework or
within feldspar grains as microfractures, between clay plates, and within pyrite framboids. I3EMFE
images show that a few large macropores are presettiése samples and likely contribute to a large
percentage of the pore space, despite smaller pores occumioig frequently.

2.5 Discussion

2.5.1 Maturity Trends
Pyrolysis results from the two SWME transects demonstrate thaver maturityof Devonian shias

persists throughout the 094, 0940, and 094P blocks of NEBC. Vitrinfistumen reflectance

measuremets in NEBC range from 1.75 to 3.2 %Ro. Thé&lEWicrease in maturity extends into NEBC

with the lowest reflectance values of below 2%Ro, occuiirirthe eastern portions of blocks 094nd

094-P (Figure 23). Maturity generally increases towards therth and northwest across the Cordova
9YOoleYSyids tNBald«QAES O0FNNASNI FYR Iw. X ¢gAGK (GKS
the HRB. Due to the pitfalls of Tmax values at high maturities, a map of HI (Figdyen@s constructed

as aproxyrelative maturity indicator along with the VR maturity map. HI does not directly assess the
maturity, however, using the assumption that the kgem type is consistent the value of HI can be used

as a proxy for maturity with values decreasing as maturitreases. HI within the study area is low, with

an average of 23 mg/g, and rarely exce&d0 mg/g. The map demonstrates the increase in maturity
towards the north and west, with much of the HRB exhibiting values below 10 mg/g. HI values increase
towards the south and east of the HRB and in the Cordova Embayment. On the western side of the Bovie
Fault, although Devonian strata are approximately@&0deeper, %Ro and HI values are similar to

those in the HRB (2.6 to 3.1 %Ro and 2 to 16 mg/g HI) to steBath to the east and west of the Bovie
Fault, there is a northward trend of increasing maturity. The few reliable data points suggest that the
maximum thermal exposure (and hence peak maturity) of the Devonian strata across NEBC predates the
1500 m ofdisplacement along the Bovie fault that occurred during the Late Cretaceous and Tertiary

(Maclean and Morrow, 2004). Botfil and reflectance basedaturity maps demonstrate the
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dominantly dry gas nature of the HRB and Liard Basin with %R0 and HI vakedlge2 % and <50

mg/g, respectively.

2.5.2 Condensate Potential
The potential for the occurrence of producible liquid hydrocarbons in uncomwaadtreservoirs is

dependent on the complex interplay of the maturation, migration pathways, kerogen type and

abundance, and retention of hydrocarbons during generation andyscton.

Production data from the Jean Marie Formation and Muskwa FormatisrbbBan analyzeth order to
understand the location and volumes of produced condensa@he Jean Marie Formation is likely

sourced from the underlying Muskwa Formation (Ferd &riffiths, 2014), thus, production data from

the Jean Marie Formation can ptide additional insight into the condensate/liquids potential and
distribution of the Muskwa Formation. The bubble map of produced condensate for the two formations
from the intial month of production (IP30) shows higher levels of condensate within thd Bdck of

NEBC (FigureZ5). The higher condensate production correlates with lower levels of maturity

determined by vitrinite reflectance. Minor volumes of condensate Hasen produced from the Jean

Marie Formation and Muskwa Formation within the s and central HRB. Gas wetness ratios can be
calculated to further constrain condensate potential. In this study gas wetness is calculated according to

Unrau and Nagel (2012x

Wet ness

5 . . .
+18€ whdright. 5 dirryd igast e s

In the HRB, all values for the wetness ratio fall below 0.4 (average = 0.12) indicating dry gas; and

wetness shows a general decrease towards the wesinticipated (Figure 26).

In general, condensate production correspsrid observed maturity trends; with the largest volumes of
condensate being produced from the area to the southeast of the HRB. The single well producing

condensate directly fromhte Muskwa Formation within the 094block is at a depth of 1850m with a

18



reservoir temperature of approximately 80 °C. Similar current reservoir temperatures and burial
histories occur throughout the southeast corner of the study area; therefore, furtbmpial for
condensate production from the Muskwa Formation within thisaaielikely. Minor condensate is
present in the Jean Marie and Muskwa formations deeper into the HRB, pointing towards possible
hydrocarbon migration from the south as maturity wa$ within the central part of the HRB are within
the dry gas window and thiefore, it is unlikely that any condensate would be presergitn.

Alternatively, however, this could be an area with a slightly different thermal history than surrounding

areaswhich may have allowed a small amount of condensate to be present.

2.5.3 Tends in Organic Content

2.5.3.1 Regional TOC Trends
The regional maps of TOC for the Muskwa and Horn River Formations (Otter Park and Evie Members)

show a similar trend of highdevels of organic richness within the central HRB, and further to the north
and west (Figure 27). This trend is most obvious within the Muskwa Formation. TOC codéstines
to near zero along the reef complex and increases significantly to the edstest of the platform

within the Cordova Embayment and HRB.

¢ KS t NBa#rigrdeef persted throughout the deposition of the Muskwa and Horn River
Formations, creating a restricted basin environment within the two depocentres (Dong, 2016). The
shalow water environments near or along the carbonate trends caused the stwaths (Muskwa) and
pinch out (Horn River) and would not have been a conducive environment for the production
accumulation or preservation of organic matter. However, reducing conditions would have formed
further basinward. Coupled with low levels of d&l influx,this environmentwould havebeen

favorable for organic accumulation (Dong, 2016), which is supddyy the increase in TOC. Eustatic sea
level changes also played an important role in the distribution of organic content. The distal poftions

the basin were within a deewater anoxic environment for the entirety of this depositional period. A
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rise insea levelsuchas the one interpreted to have occurred during the Muskwa Formation and Evie
Member deposition (Potma et al., 2012), would hax@anded anoxia and further restricted high

influxes of detrital matter to the basin edge (Dong, 2016). DoAg&Rinterpreted the Muskwa

Formation and Evie Member to correspond to"adder transgressive systems tract, and the Otter Park
Member, to a2" order low stand. The transgressive nature of the Muskwa and Evie units allowed for
increased productivity ahpreservation of organic matter, and thus the elevated TOC content observed

within the basin today.

The delineation of highly organic rich zenequired an understanding of the interplay between
proximity to the surrounding platform and eustatic sea lestganges. The ongoing mapping of separate
zones within these main shale units will provide further information on smaller scale basin inBuence

and localized variability.

2.5.3.2 Localized TOC Trends
The main area afecent petroleum exploration and her highest density of stratigraphic control

(referred to as Pool A herein) for the HRB is within theQO9TS blociBritish Columbia Oil andas
Commission2014) The Muskwa Formation has been investigated in further detail (stratigraphically and

spatidly) within this area of development to elucidate smaller scale trends in TOC.

Prior, detailed geochemical studies have demonstrated timsetof Muskwa Formatioreposition was
in response tatransgressin (Dong et al., 2013). Sea level continuedise throughout much of the
deposition of the Muskwa Formation, leading to an environment of increased productivity and
preservation of organic aiter as sediments continued to be deposited during this time. Further
detailed workof the Muskwa Formation haghown that thetransgressiveystems tract is folloed by a
highstand systems tra¢yranci et al., 2018a). Both of these systems tractseletad to lowenergy
and oxygerdepleted conditions, with redox conditions likely persisting throughout the dtagid

system based on geochemical signatures (Ayranci et al., 2018a). The eustatic sea level rise along with a
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persistent reducing environmentilawed for continued accumulation and preservation of organic
matter throughout the deposition of the Miksva Fomation. There are also more minor cyclic
fluctuations within zones, likely exhibitin§ érder sequences which are a part of the overall

transgessive system of the Muskwa Formation.

The Muskwa Formatiomterval within Pool A halseen divided into fiveanappable zones based on
gamma ray log responses (Figurgd. This zonation generally corresponds to slight changes in organic
content, based o the calibrated log TOC (Figur@8. The log responses exhibit cyclic and consistent
trends with the main ara of production. The log response of particular interest is the gamma ray log,
which is responding to the radioactive elements in the formatldranium tends to be sequestered in
organierich marine shales, whiatesults inhigher gamma ray responses irora organierich zones. The
resistivity and density logs also exhibit trends in the Muskwa, largely due to the presence of organic
matter. The esistivity is responding to the hydrocarbons in the rock, with higher resistivity in more
organicprone zones; ad the density is responding to the lower density of organatter relative to

guartz and carbonate. Organic content ranges from <1 to 11.3htrvRool A and tends to increase
vertically from base to top of the Muskwa Formation. The highest TOC is etisarthe top zone of the
Muskwa within the western portion of Pool A (Figur@@®). The increase in TOC towards the top of the
Muskwa likely arresponds with the overallBorder transgressive nature of the Muskwa interval (Dong
et al., 2014). As the ansgressive system continues throughout the defasiof the Muskwa

Formation, saloes the lowenergy and oxygen depleted environment. As gmgironment persists

there is likely increased preservation of organic matter thereby increasing TOC contantl$ative top

of the formation. Although analyzed in less detail, outside of the Pool A area the TOC follows the same

trend with an increase frorbase to top of the Muskwa Formation.
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2.5.4 Mineralogical Trends
The mineralogy varies stratigraphically as sufeof sea level fluctuations cawtling depositional

processesenvironmentsand sediment provenanc&he Otter Park Member is interpreted bave been
deposited during a period dfigher energyand oxygenated conditions with increased detrital influenc
whereas the Evie Member and Muskwa Formation represent quiescent, low oxygen conditions
dominated by suspension settling (Ayranci et al.,&§)1Within each unit, the mineralogy varies on a
regional basis within the study area. Figure®202and 2.330 2.34 exhibit the regional variation in

quartz, carbonate, and clay content of the three units.

The quartz content of the Muskwa and Horn RiFermations increases to the north and west within

the HRBsimilar to that of TO@Figure 230). Quartz andTOC exhibit similar trends aresult of the

correlation between organic accumulation and pelagic radiolarian accumulation (Ross and Bustin, 2008)
The connection between quartz and TB@resent within the distal portions of the HRB where the

majority o the quartz is biogenic in origin and, therefore, associated with organic accumulations (Figure
2.31a). In more proximal locations the relationghiloes not exist, as the quartz is likely of detrital origin
(Figure2.31b); samplescontaining excess detdt quartz (>70 wt% quartz) exhibitiaghegative

correlationwith TOGwhile samples with moderate amounts of quartz have anfR.8.(Figure2.32).

There is significant overlap of high quartz zones between the Muskwa and HorridRivationsthat
matchareas of high TQQThis demonstrates that certain areas of the HRB maintained a similar low
energy distal environment throughout all three unitggpite fluctuations in relative sea level.

/' T Nb2YylFGS O2yGSyid Aa 3ISySNI Retféomplex TrigEes®) whers | NJ ( K S
carbonate detritus shedding off of the reef would have accumulated along the slopes of the basin. Away

from the arbonate platform, carbonate content decreases.

The influx of detritus into the HRB during the time of HBimer and Muskwa formation deposition was

from the south (Ayranci et al., 2018b). This is exhibited by the regional clay maps (F3glreith the
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highest clay content in all three units located in the southern portions of the HRB. Within the Muskwa
Formation, detrital materialappears tosettle out along the southern slope of the basin with smaller
amounts of material being circulated throughotiet central portion of the basin (perhaps by deep

water tidal currents as demonstrated by Ayranci e{2018). A similar trend is observed within the

Otter Park Member however significant clay content appears to be present throughout the eastern edge
of the HRB. The Evie Member has the lowest average clay content of the three units, but the clay
appears tchawe enteredthe HRB from the SW corner of the basin and settling out in a narrow zone

throughout the central portion of the basin.

2.5.5 Pore Developent
It has been demonstrated that porosity development in organic rich rocks can be associated with the

temperature the rock has been exposed to (Munson, 2015). However, all of the analyzed samples are
within the dry gas window, and presumably have exgecedrelatively similar chemical and mechanical
diagenetic events. Burial depths do vary between samples, but there appears to be no apparent
correlation between depth and porosity on a regional scale (FigL8s). It appears, rather, that pore
developmant and preservation is more closely related to the organic contentthedcomposition of the
sample.The relationship between TOC and porosity shows a discernable but weak positive correlation
of R =0.2. The control on porosity within the Muskwa andiHBiner Formations is more complicated
than a direct relationship with organic content. It is likely that the relationship between mineralogy and
organic content drives porosity developnmteOC and porosity display a slight correlation when no
other varidblesare taken into account, however, the trend is stronger when mineralogical differences
are taken into account (Figure B)3 At higher quartz content the correlation between TOC and porosity
rises to R=0.5. This correlation can be related, in p&stthe connection between biogenic silica and
organic matter accumation displayed in Figure 2.3Rurther, even with a component of detrital silica,

which has been shown to negatively affect organic richness, primary porosity is more likely to be
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presened, thereby enhancing the overall porosity of the samferosity developmenis, therefore,

only partiallycontrolledby organic content. Carbonate content has a negative effect on porosity and

clay does not appear to influence porosity, but does exkibirelatively low positive correlation with

pore volume. Pores associated with clay platelets are observed in SEM, however, many of these pores
may not be connected so they are not available to contribute helium porosity. Black siliceous mudstones

tend to hawe the highesguartz content ancrganic content andas a resultthe highest porosity.

2.5.6 Basin Influenaen Regional Variability of Reservoir Properties
The Horn River and Muskwa Formations represent an overall-dasipaldepositional environrant

resulting in a thick succession of figeained strata (Ross and Bustin, 2008). Nevertheless, reservoir

quality demonstrates significant variability both spatially and stratigraphically.

There are several extrand intrabasinainfluences which effdaeservoir properties and subsequently

the producibility of the reservoir. The main extrabasinal factor is eustatic sea level changes throughout
the Givetian and Frasnian periods. During times of increased sea level, digptaiion is restricted

closer to the basin edgédue to increased accommodation spateading to less detritus within the
deepbasinal areas (Dong, 2016). This can be observed through the decreaseaindctaidspar

minerals within the transgressive MuskwadaBvie intervalsCarlonate content increases on and near

the carbonate builelps due to shedding of material off of the platform which is increased during
periods of decreased sea level and subaerial expodime composition of a reservoirasfunction of

the stratigraphic ane as well as location within the basin. This is also the case with intrabasinal effects,
mainly organic production. Organic content and quartz content are closely related in the study are due
to the biogenic source of thquartz. In areas of deep quiestavaters pelagic radiolarians can bloom
along with algae. Production and subsequent preservation of the organic matter is, therefore, more

likely to occur during transgressive systems (Potma et al., 2012; Dong, 2016).
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The interplay betweemmaturity, organic richness, mineralogy and porosity within the basil@ws for a
predictive approach when delineating areas and zones that have the highest potential for producibility.
Detailed analysis of the Muskwa and Horn Rivemfitions demonstrates the relatiahip between

porosity, organic content, and rock composition within the study afédee interplay between organic
content and mineralogy, particularly high TOC and high quartz content, helps to drive porosity
developmentwhich enhances the reservoir qugliand increases the hydrocarbon generation and
retention potential.The regional mapping of various reservoir properties provides insight into the

spatial and stratigraphic variations and delineates areas of enhancer/o@sguality. Such reservoirs

are associated with transgressive systems away from the surrounding carbonate platform. This includes
the more distal central and western portions of the HRB where both quartz content and organic content
is elevated throughotthe studied stratigraphic inteal. Within these areas, the Evie Member and the
upper portion of the Muskwa Formations exhibit the necessary reservoir properties for gas production.
Although dry gas is the main hydrocarbon phase, areas within the ciotghern portion of HRB may

haveproduction supplemented by migrated condensate from the southeast.

2.6 Conclusions
The analyses completed for this research have provided important information on reservoir

characterization for the Muskwa and Horn RifF@rmations. The results of the pephysical methods
used in this study have been used in conjunction itbliclyavailable data to enhance the
understanding of reservoir properties. In doing so, the reservoir properties can be discussed in a spatial

andstratigraphic contextThe main onclusions of this regional reservoir study are:

1 The study areafthe Horn River Basin and Cordova Embayment, is generally within the dry gas
window. Vitrinite reflectance (vitrinite reflectance measurements or vitrigitgiivalent values
based off of pyosbitumen reflectance measurements) values are generally above 2%Ro, and

increase to the west. Maturity values within the Liard Basin are not significantly higher,
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suggesting that maximum thermal exposure of the Devonieatatpredates extensive vertical
movement along the Bovie Fault. Maturity decreases towards the south and east, demonstrated
by a decrease in vitrinite reflectance, an increase in HI values, and reliable Tmax values.

In NEBC condensate potentialDevonan stratais highest in the areaotthe southeast of the

HRB, which corresponds to an area of lower maturity. However, small volumes of condensate
production from within the HRB (where maturity levels are within the dry gas window) points
towards possibldydrocarbon migration from the salieast which postdates maximum thermal
exposure during foreland subsidence. In Alberta, there is better potential for condensate as well
as oil.

The Muskwa and Evie intervals have a higher organic content than the @tteM@mber and

all units have obgwably higher TOC within the deeper parts of the HRB. Using the modified
LogR methoan core samplesa calibrated log TOC can be used to predict organic richness in
areas lacking laboratory data. The modifleasyR methodvorks best for moderate levels OC.
TOC increasgthroughoutthe period of deposition athe Muskwa Formation, demonstrating a
continual rise in sea level throughout much of the deposition of the formation. The most
organicrich zone is located in the Mzone of the Muskwa Formation \wih the western

portion of the HRB. This area is one of the more distal portions of the basin and would have
experienced reducing conditions and a lackleffrital influx throughout the period of deposition
allowing for emanced accumulation and presenati of organic matter.

Mineralogy varies between the three units due to relative sea levels fluctuations. Higher sea
levels associated with the Muskwa Formation and Evie Member have resttiitedflux of

detritus to praximal areas, where as lower seadéduring deposition of the Otter Park member
allowed for higher influx of detrital material. The Muskwa Formation is the most quartz

dominant.
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The regional quartand TOChave similatrends due to the biogenic nature die quartz. Quartz
content generdly increases towards the center of the basin as the influence of the surrounding
barrier reef complexes decreases along with the amount of clay detritus enteringahe

distal portions of the basin. Carbonate contestthierefore, highest is areas pimal to the
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understanding of the direction and basin circulation of detrital material.

The Muskwa Formation and Evie Memlb@we higher porosities than the OttePark Member,

but porosity is relatively low for all three units with pycnometry values generally below 5%.
Porosity is related to organic content and mineralogy. TOC shows the strongest positive
correlation with porosity

Based on MICP and LPGS; macesanand micropores are present, with the mean pore size
within the mesopore range. Pore volumes increase with increasing organic content. Much of the
porosity of the samples is related to organic matter hosted porosigtaerved from FSEM

images.

Delneating areas with high TOC content is important for targeting areas with the best reservoir
guality.High TOC is associated with distal depositional environments that contain high levels of
biogenic quartz, low clay coemt and high porosity and are, thefore, likely the most

prospective and productive locations.

Understanding the relationships between reservoir properties and the basinal influences on the
reservoir allows for a predictive approach when assessing theéygibility of an area and/or

formation.
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Figure 21 Paleogeography map for North America during the Lateobien. The location of the stydareais
outlined in red (from Blakey and Ranny, 2018)
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Figure 22 Map of the study area irelationship to Western Canada. The study focuses on the Horn River and Liard
Basins and Cordova Embayment (modified from BC Ministry of Energy, Mines and Petroleum Resources and
National Energjoard et al., 2011).
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Figure2.3 Upper Paleozoic stratigragtfor northeastern British Columbia (modified from Ferri et al., 2011). Abbreviations: Ei.,
Eifelian; Em., Emsian; Fa., Fammenian; Fm., formation; L, lower; M, middle; Mb., member; Penn,aeansyyupper.
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Figure2.3 Exampés ofmacroscopidacies from the Muskwa and Horn River Formations. (A) Siliceous black
mudstone. This facies often contains tentaculitesl radiolarians and is most common in the Muskwa Formations.
(B) Skeletal lime mudstone containing mainly spongeutgscand radiolarians. This facies is only present in the

Evie member and the Horn River Formation. (C) Siliceous black mudstone wtithlaginations and lenses.

Mainly present in the Muskwa Formation. (D) carbonate Mudstone. Often cemented with spanaésence of

pyrite nodules. Only present in the Evie Member, mainly in close vertical proximity to over or underlying carbonate
formations. (E) Laminated mudstone. Siliceous mudstone with carbonate rich laminations.
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Figure2.4 The two crossectionsshowingthe location of wells from which core (black dots) and cuttings (red
dots) samples wereollected.
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Ave.

) Sample SSTVD Number of TOC Ave.HI(mg Ave. Ol (mg .
Uwi Well ID Formation Type m) Samples %) HC/g TOC) CO2/g TOC) 'I'(Tg;( Maturity
200/D-086-F 094315/00  ATA BR086-F Muskwa  Cuttings 2330 3 1.33 31.7 53.3 340 Dry Gas
Muskwa Cuttings
200/G088B 094P-09/00  BP @888 _ ng 1615 3 oa 51 4.3 363 Dry Gas
Evie Cuttings 1896 5 1.99 18.6 32.6 566 Dry Gas
200/A-089-K 094P-07/00 CNRLM89K  Muskwa  Cuttings 1775 3 0.46 55.3 113.7 380 Dry Gas
Muskwa  Cuttings 2610 2 1.27 322 124.7 423 Dry Gas
DIRECT-D8% .
200/D-089-B094-311/00 B Otter Park  Cuttings 2688 5 254 109.6 72 405 Dry Gas
Evie Cuttings 2760 1 0.54 60 121 351 Dry Gas
200/D-033D 094P-06/00 END ED33D  Muskwa  Cuttings 2070 3 1.45 25.3 41 370 Dry Gas
200/D032E/0940. Muskwa  Cuttings 2160 5 3.94 93.6 2.2 381 Dry Gas
01/00 HSKBD32F  Otter Park  Cuttings 2250 4 1.64 193.3 42.3 425 Dry Gas
Evie Cuttings 2310 2 1.35 322 124.7 435 Dry Gas
200/A027-1/094-0-08/00  NXN AD27-| Muskwa Core 2431 3 3.16 37.7 19.7 334 Dry Gas
200/G054-G/094P-10/00 PENN @54G  Muskwa Core 1817 3 2.72 16 23 598 Dry Gas
200/A-003-C/094314/00 ECAA03C  Muskwa Core 2302 5 2.04 34.8 25.8 349 Dry Gas
200/G036-E/094P-16/00 PENN @36-E  Muskwa Core 1867 2 3.52 34 16 320 Dry Gas
200/D-085G/0940-
08/00 DEVEO8SG  Muskwa  Core 2448 4 267 37.5 34.8 348 Dry Gas
200/B-053.J/094314/00 LTS B53J Muskwa Core 2133 4 3.68 20 15 338 Dry Gas
200/A-065-G/094-0-
02/00 IMP A0B5G ~ Muskwa ~ Core 2143 3 294 143 20 340 Dry Gas

Table 21 Averaged results for pyrolysis analyses completed for this study
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Sample Type/Reflectance
Measurement

A-065-G | Bitumen/Vitrinite Equivalent
B-008-H | Bitumen/Vitrinite Equivalent
G028D | Bitumen/Vitrinite Equivalent
B-017-F | Bitumen/Vitrinite Equivalent
A-040-G | Vitrinite

B-049-G | Bitumen/Vitrinite Equivalent
D-075E | Vitrinite

A-094-G | Bitumen/Vitrinite Equivalent
A-090 Bitumen/Vitrinite Equivkent
B-017-F | Bitumen/Vitrinite Equivalent
D-075J | Bitumen/Vitrinite Equivalent
B-019K | Vitrinite

D-012L | Vitrinite

D-064K | Vitrinite

D-028B | Vitrinite

B-063-B | Vitrinite

A-033L | Vitrinite

Well

Table 22 Wells that contain reflectance (either pyrobitumend vitrinite equivalent values or vitrinite reflectance
values) data for the Muskwa Formation.

33



0.04 728
0.04 679
0.04 630
0.03 580
0.03 50 g

S 0.03 481 @

> 2

£ 002 432 8

T 002 383 g

2 (5}

@ 0.02 334

a =

ks (0.0 Depth (m): 620 284 £
0.01 Tmax (°C): 434 235 @
0.01 TOC(wt %): 2.62 186
0.00 136
0.00 87

0 5 10 15 20 25 30 35 40 45 50
Time (min)
1.65 728
1.53 678
1.40 629
X
197 8 580
1.14 a 530 g

S 1.02 — 480 2

[=] -

E 089 2 430 ©

‘_é 0.76 481 §

o) ]

B 064 32

2 =

L 0.5 Depth (m): 1095 202 £
0.38 Tmax (°C): 455 233 @
0.25 TOC(wt %): 6.47 183
0.13 134
0.00 84

0 5 10 15 20 25 30 35 40 45 50
Time

0.02 728

0.02 679

0.01 630

0.01 ﬁ 580

0.01 &’ 51 G
> [

g oo s 482 8

£ 001 w 433 8

TE: 0.01 383 g

2 0.01 334 'O

T 0.01 Depth (m): 2341 285 £
0.00 Tmax (OC): 331 236 (‘I)ﬂ

0/ \-
0.00 TOC(wt %): 2.01 186
0.00 137
000 7 88
0 5 10 15 20 25 30 35 40 45 50
Time (Min)

Figure2.5 Examples of pyrogranfsom various formations showing the variation in maturity levels and quality of

the S2 peaks. (A high quality pyrogram with a sharp, symmetrical S2 peak. (B) A broad, almost indistinguishable
S2 peak leading to possible uncertainty in tineakvalues.(C) Poor quality pyrogram leading to anomalously low
Tmaxvalues.
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Figure 26 Subsurface vertical depth versus temperature of maximum rate of hydrocarbon generation (Tmax ¢
pyrolysis analyses on cuttings samples from (A) British Columbia (Horn River Basin and Cordova Embaymel
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deposition (for sample locations refer to Figure 2.4).
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Figure2.8 Depth versus TOC for the Muskwa and Horn River Formations in northeastern British Colaebia. T
colours correspond to the thregifferent units. The data comes from the publically available database along with
analysis completed for this study
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Figure 210 Cross plot of calculated Lab TOC versus measured Log TOC. 55% of the data points fall within the two
thin black lines which represents a 1% @fference between the two methods.
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Clay Carbonate

Figure 211 Quartz and Feldspar (Q+F), Clay, and Carbonate ternary plot for the mineralogy of the Muskwa and

Horn River Formations. The colour corresponds to the three different unitdhwigce analyzed. The Muskwa is
the most quartz rich, and the Evie Memlmmtains the largest proportion of carbonate minerals.
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Figure 212 A cross plot of helium porosity (%) versus MIP porosity (%). Helium porosity is eathgistgher than

MIP porosity due to the compaction that occurs during thenhpgessure values reached during MIP analysis which
occludes some of the pore space.
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Figure 213 Box and whisker plot showing the range of porositgath of the units. The overall average porosity is
4.4% and is represented by the solid black line. The two dotted lines are the 1 standard deviation.
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N2 Adsorption CO2 Adsorption
UWI Ssample ID DR Pore DFT Pore DFT Pore BET BET Total DR Pore DFT Pore DFT Pore BET BET Total
Width, Width, Volume Surface Pore Width, Width, Volume Surface Pore Volume
average (nm) _mode (nm)  (cc/g)  Area(m2/g) Volume Javerage (nm) mode (nm) (cclg)  Area(m2/g)  (cclg)

200/B-025-1/094-P-10/00 B-025-1 M2 5.583 3.969 1.23E-02 4.93 1.22E-02 1 0.54 3.30E-03 3.527 1.55E-03
200/A-003-C/094-3-14/00 | A-003-C M2 5.601 4.15 1.67E-02 8.799 1.78E-02 1.03 0.3053 3.10E-03 3.555 1.53E-03
200/C-036-E/094-P-16/00 | C-036-E M2 6.484 4.152 1.60E-02 3.78 1.40E-02 1.03 0.548 2.00E-03 2.626 1.00E-03
200/D-085-G/094-0-08/00 | D-085-G M2 5.578 4.152 7.80E-03 3.503 7.63E-03 1.029 0.548 2.20E-03 2.599 1.11E-03
200/A-065-G/094-0-02/00 | A-065-G M3 5.664 4.152 1.85E-02 6.893 1.61E-02 0.984 0.349 5.30E-03 6.024 3.02E-03
200/B-053-J/094-J-14/00 B-053-J M2 5.186 3.97 1.92E-02 10.7 1.92E-02 1.022 0.548 3.90E-03 4.48 1.93E-03
200/A-027-1/094-0O-08/00 A-027-1 ML 6.67 4.15 1.06E-02 2.39 9.21E-03 1.066 0.54799 1.70E-03 1.534 5.23E-04
200/B-070-D/094-P-16/00 | B-070-D M1 5.137 4.15 3.10E-02 19.3 2.97E-02 1.048 0.524 5.00E-03 5.78 2.39E-03
200/C-054-G/094-P-10/00 | C-054-G M2 4.946 4.15 2.82E-02 20.3 2.75E-02 1.003 0.52388 5.40E-03 4,732 1.97E-03
200/D-085-G/094-0-08/00 | D-085-G M1 6.496 5.2 3.10E-03 0.822 3.46E-03 1.025 0.573 6.00E-04 6.92 2.72E-04
200/A-065-G/094-0-02/00 | A-065-G E3 6.521 3.969 6.50E-03 1.889 6.43E-03 1.031 0.54799 1.40E-03 1.546 6.85E-04
200/C-054-G/094-P-10/00 | C-054-G E3 5.149 1.4748 7.60E-03 3.428 7.94E-03 1.021 0.52388 5.60E-03 6.987 2.82E-03
200/C-054-G/094-P-10/00 | C-054-G E5 4.434 1.4099 1.51E-02 12.17 1.50E-02 1.035 0.52388 6.60E-03 8.266 3.30E-03
200/B-070-D/094-P-16/00 | B-070-D E3 4,936 4.1517 1.80E-02 10.6 1.92E-02 0.54799 6.10E-03 6.722 2.16E-03

Table 21 Summary table of LPGS results.
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Fgure 216 N2 isotherms for several Muskwa Formation samples. The volume of adsorbed nitrogen and shape changes slightly, bgeakathérens can
be classified as Type 1IB (Rouquerol et al., 1998).
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Figure 218 An example of a CO2 adsorption isotherm for a Muskwa
sample. All of the CO2 isotherms show a lack of closure at low P/P«

Figure 217 Pore size diameters based on the BJH method fr(
the adsorption branch of the N2 isotherm. The colours

correspond to the differensamples analyzed. All of the samp
show a significant proportion of mesopores and micropores.
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Figure 218 BET volume versus BET surface area for analyzed Muskwa samples.
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Figure 219 Cross plots of pore volumes versus a variety of reservoir properties (clay content, qual
content, carbonate content, and TOC content). ®Rlbits the strongest positive relationship with pc

volumes with an R2 vads of 0.55.
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Figure 220 FESEM photomicrographs of representative siliceous black mudstone samples from the Muskwa Formation. (A) From the CordowenEartzhy
has a porosity of 8.56%, TOC of 3.54%, and contains over 70%.dtrarh the inset, the slitke geometry of the irgr-organic matter pores can be observed.
These pores are a few hundred nm across but only a few nm wide. (B) This sample is from the central portion of the HRasiiRRiaed has a porosity of
2.47% ad a TOC of 2.25%. Quartz alone accounts for overd®Bts rock, much of the remaining fraction is organic matter. (C) From the SW portion of the
Horn River Basin this sample has the lowest porosity of these three samples at 1.49% and TOC of 1.78%heDewg@ir porosity, this sample has larger than
average pores. The illite content is significantly higher than the previous two samples.

a7



12430W RA00W 230W 1200W 12290W 12200W 210 21°00W  120°0W  120°00W 119°30W
1 1 1 1 L 1 L 1 L 1 1 I 1 1 1 1 1 1 1 1 1 1
g -8
8 T 310 z
310e
2 = VR (%Ro _3
3| 340 | =
1

280

1 220

1.60

2.1
z 'g
2+ 2
2
: 4
I :
Liard Basin 0 25000m
e — N
1:604905 '
T T T T T T T T T T T T T T T T T T
124°30W 124°00W 123°30W 123°00W 122°30W 122°00W 121°30W 121°00W 120°30W 120°00W

Figure 221 Isoreflectance map for the Muskwa Formation in northeastern Britishr@lola, based on publically
availabe vitrinite reflectance (VR) analyses. Areas of potential wet gas are represented by green and are related to
%Ro values <2. Maturity generadltgreases to the northwest.
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Figure 222 Hydrogen Index (HI) for the Muskwa Formation in northeastern British Columbia, base on publicly
available data and data collected for this study. As HI values decrease, maturity increases. Many of the values are
below 50 mg/g which corresponds to the dygswindow. Higher HI values are observed towards the south.
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Figure 223 Bubble map showing the first month (IP30) data for condensate production from Devonian shales
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within NTS area 0940 that have reported minor condensate production. Production values are fromigeolLo
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Figure 224 Gas wetness for the Muskwa Formation within tHern River Basin in northeastern British Columbia.
Wetness was calculated using the equation developed by Unrau and Nagel (2012). The values with a higher wet
gas ratioin the Horn River Basin are mainly bulls eyes effected by a single data point. There is no observed
similarity between wet gas ratio and maturity in the Horn River Basin. The gas wetness values are calculated based
off reported values from geolLagi
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Figure 225 Regional total organic carbon (TOC) variability for the Muskwa and Horn River formations in northeastern British Co)uvhisaw@ Formation
(and equivalent marker in the Liard Basin); (b}degived TOCfor the Muskwa Formation within the Horn River Basin (note the similarity with the trends
exhibited by laboratory data); (c) Otter Park member; (d) Evie member.
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correlative zones (M1 to M4) based on gamma ray log signatures. The surfaces are picke 124w 123°W

122°W 121°W

based off of gamma ray spikes that can be correlated along through Pool A. The gamma
curve (black) ranges from 0 to 250 API, the Resistivitye (green) ranges from 1.0 to 10.0
ohms, the density curve (blue) ranges from 2 to 3 gfamd the TOC curve (red) ranges from
0to 8% TOC




121°00W

122°00W 121°00W 124°00W " 123°00W 122°00W 121°00W 124°00W 123°00W 122°00W
5‘ _¥ i
0 10000 20000m 3 0 10000 20000m 1
124°00W 123°00W 122°00W 121°00W 124°00W 1200w 121°00W
Z
e
‘!0 00
( <8.00
Z600
b Z4.00 : »-lu
° 200 N
c 000
z
/i; k %
ey 4 © 10000 20000m

(D) Zone M4; (E) Zone M5. TOC content generally increases from the base of theaNwshkvas the top.

54

Figure 227 Total organic carbon (TOC) variability within ‘Pool A' for zon#msnathe Muskwa Formation: (A) Upper Most Zone M1; (B) Zone M2; (C) Zone M3;
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Figure 228 Regional quartz variability for thduskwa and Horn River formations in Northeastern British Columbia; (A) Muskwa Formation; (B) Otter Park
Member; (C) Evie Member
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Figure2.29 A) TOC and quartz exhibit a wealoderate correlation in the distal portions of the HR Proximal
areas exhibit no relationship between TOC and quartz.
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Figure 230 TOC vs quartz. A strongreelation isexhibitedfor samples with mainly biogenic quartz (blue) and a
weak negative correlation with samples contampéxcess detrital quartz (red).
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Figure 231 Regional carbonate variability for thduskwa and Horn River formations in Northeastern British Columbia; (A) Muskwa Formation; (B) Otter Park
Member; (C) Evie Member
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Figure 232 Regional carbonate variability for the Muskwa and Horn River formations in Northeastern British Columbia; (A) Muskwark-¢Bh&iter Park

Member; (C) Evie Member.
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Figure 233 Porosity crosglots. (A) Depth versus porosity; (B) Quartz versus porosity; (C) TOC versus porosity2JR@DF Clay versus porosity. All of the
correlation factors are relatively low, with TOC showing the strongest relationship witisipor
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Chapter 3: Basin Modeling affthermal History of the Horn River and
Liard Basins, Cordova Embayment, alidcent parts of th&Vestern
Canadian Sedimentary Basin

3.1 Introduction
Basin modeling through numerical simulations is a powerful tool in quamgityhe burial and thermal

history of a basirand timing and volume hydrocarbon generation, migration and entrapnigasin
modeling requires the integration arlcdhowledge of numerous variables including regional geology,
lithology, stratigraphy tectonichistory and heat flowThenortheast BCNEBEportion of theWestern
Canada Sedimentary BasiWCSBis relatively understudiednd underexploredompared tomost

other areas in the basin. Hencegdin modelingan provide significant insights and constraints as to the

basin historyand contribute to predicting the economic potential of this important area.

Previous work in the taidy area on théDevonian stratigraphy of the Horn River Basin (HRB) and adjacent
areas have focused on reservoir properties and resource potential (B@siliFowler, 2004; Ross,

2007; Ross and Bustin, 2008, 2009; Ferri et al., 2011, 2013, 2014, 26beGret al., 2012; Harris and
Dong, 2013; Balogun, 2014; Dong et al., 2014; Ferri and Griffiths, 2014; Dong 204 6judies have
investigatedbasin e/olution and burial historyntegrating recent drilling results fronThe studies that
includea basih modeling componenhave focused on theiard Basin and Interior Plaiokthe

Northwest TerritoriegMorrow et al., 1993; Potter, 1998)r the Peace Rér Arch area (Kalkreauth and
McMechan, 1988; Dubey et al., 2017) or further to the east near theaaills depositi Alberta(Higley

et al., 2009; Berbesi et al., 2011). All of these studies provide important information and methodologies

and provide thegroundwork on whiclthe present modeling studig based. Most notablyhe Morrow

*A portion of this chapter has been publishétfilson, T.Kand Bustin, R.M. (2019): Basin Modelingl dihermal History
of the Horn River and Liard Basins, Cordova Embayment, and adjacent parts of the Western Canadian Sediment
¢ in progress; in Geoscience BC Summary of Activities 2018, Geoscience BRSO, p. 1:20.
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et al. (1993) stug of the Liard Basin (mainly within the Northwest Territorig®)vides key data and

insights

The objective of this studgto use basin modeling tonderstandthe basin evolution and determine the
role of various geological properties in the burial dnermal history and subsequent preseddy
petroleum systems of NEBI@.this study ae-dimensional (1D) modeling and sensitivity anislygere
performedat 24 well locations throughout the study areaThe study leveraggsiblically available data
and amultitude of prior research on the regional geology, lithology, and stratigraphy

3.2 Regional Geology and Stratigraphy

3.2.1 Overview and Study Area
This study focuses on the Horn River Basin, Cordova Embaym&lEBCNW Alberta and adjacent

areas, as well as a portion of the Liard BaBigure 31). This approximately encompasses an area from
5% to 60°N and 118to 124°W. This large regional area tains a thick succession of Phanerozoic
sedimentsincluding the extensive Devoniaged organigich source rocks that are the focus of this

research.

3.2.2 Tectonic History
The evolution of the WCSB can be divided into two main tectonic phases: adeteoRoic to Jurassic

generally passiveontinental margin setting and a compressional Jurassic to Eocene foreland basin
(Porter et al., 1982). Uplift of cratonic arches, such as the Tathlina and Peace River Arches, during the
Ordovician and early Devoniatrongly controlled the deposition of Middle to Upper Devonian strata.

The study area experienced extension coevieth the DevoniarAged Antler Orogeny occurring in the
western United States (Morrow and Geldsetzer, 1988). Such extension is thoughttietidw the

block faulting that formed the Peace River Embayment, Fort St. John Graben and Prophet Trough during
the Devonian and Mississippi@dorrow and Geldsetzer, 198&uring the Devonian, the presence of

these structural features led to differemtisubsidence and preservation in the study area. The type of
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deposits, such as extensive evaporitic beds in areas enclosed by cratonic arches; and clastic provenance
was also affected by the presence of basement features (Porter et al., 1982; Wrightl&odl). The
persistence of the Peace River Embayment, Fort St. John Graben and Prophet Trough continued to

influence deposition through to the Cretaceous.

The Bovie Fault is an important structural feature in the study area and separates the Liaritdasin

the Horn River Basin. It has been posited that the first stage of Bovie Fault motiorred during the
LateCarboniferougpost Mattson deposition, but prEantasque depositiorgnd is interpreted to have

been a crustakcaleconvergent fault relagd to uplift and compression (Maclean and Morrow, 2004).
Maclean and Morrow (2004) noted that this movement may share a common structural history with the
Celibeta High. Abrupt lateral changes in thickness of the Mattson Formation is related to tharngblift
4dz0 Sl dz2Syd RAFFSNBYGAIT SNRAA2YNRAGRROQA | .0BRA $ A QKLY
and Costanzo, 2014; Maclean and Morrow, 2004). The development of the Liard Basin and Bovie Fault
had no direct influence on the deposition of the otdéuskwa and Horn River Formations. However,

the rapid subsidence and increased accommodation space in the Liard Basin caused by Ex@azhian
extensional tectonics combined with two stages of Bovie Fault movement led to significantly deeper
paleo and present-day burial depths for the Devonian shale gas units (Hayes and Costanzo, 2014; Ferri

etal., 2011).

Beginning in the Jurassic, the study area shifted from a cratonic platform controlled by underlying
structural features and eustatic sea level fluctoas into a foreland basin with stacked clastic deposits
(Dickinson, 2004; Monger and Price, 2002; Porter et al., 1982). Terrane accretion of the Intermontane
and the Insular superterranes occurred to the west and caused isostatic loading of the coatident

rapid foreland subsidence (Figure 3.2) (Porter et al., 1982; Dickinson,0pfon and Nelson, 2011).

As convergence continued throughout the Jurassic and Cretaceous there was increased crustal

thickening and northwest directed thrusting. Previdaoseland deposits were uplifted and eroded and
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the presentday preserved terrestrial deposits of the Late Cretaceous were deposited (Porter et al.,
1982). In the southern Cordilleran it is estimated that approximately 150 km of shortening occurred
betweenthe Late Cretaceous and the Paleocene, compared to approximately 50 km in northern BC
during the same time period (Price, 1994). The decreased amount of shortening can largely be
attributed to the increase dextral motion of convergence in the north (Géd®jel 985). The increase in
dextral motion allowed for a large portion of the shortening observed in the southern Cordilleran to be
accommodated by strike slip motion further to the north. There is also a marked change in structural
style in northern BC dato the presence of thick incompetent shale units between carbonate units
leading to more of a foldominated structural package (Thompson, 1979). As convergent plate motion
continued to the west the lithosphere was weighed down from the thickening d&radthin the fold

and thrust belt leading to increased subsidence of thegxisting stratigraphic section (Price, 1994).

The outboard tectonism and formation of the foreland basin is inextricably linked to the prdagnt
petroleum systems as increassdbsidence allowed a large portion of the stratigraphic section to reach
temperatures necessary for hydrocarbon generatibhe tectonic style changed in the early Eocene,

and the transpressional regime became transtensional. As a result, subsidencepleasd by uplift

and erosionMonger and Price, 2002; Price, 1994). This uplift event eroded much of the Upper
Cretaceous sediments, largely ended the maturation of hydrocarbons, and generally led to the present

day burial depths of the study area.

3.2.2Stratigraphy
The basin models must consider the stratigraphic intervals from the Middle Devonian (Eifelian) through

to the present. The modeled Phanerozoic stratigraphic succession is currently several kilometers thick,
varying from approximately 1500 mthe eastern portion of the study area to over 4 km within the
Liard Basin. The majority of this thickness is Devonian and Mississippian formations which transition

from dominantly shallowmarine carbonates in the east in Alberta to dominantly deegier shales in
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the west (Figure 3.3 and 3.4). The base of many of the models presented in this study is the Middle
Devonian (Givetian) Keg River Formation (Upper Elk Point Group). The base of the Upper Elk Point Group
is marked by a major transgressive phaselieg to a change in the depositional environment from the
restricted evaporites and shallow marine clastics of the Chinchaga Formation to the open marine

carbonate setting of the Keg River Formation (Lee, 1998).

The Keg River Formation was depositedrinrdracratonic basin and is divided into the Lower and

Upper Keg River Members (Chow et al., 1995). The Lower Keg River is dominated by open marine
burrowed and laminated wackestone and floatstone facies, follotethe ramp, platform and reef

related facies of the Upper Keg River Member (Rogers, 2017). As the Keg River Formation coatinued t
RSPSt 21 NBSFT INRgGK O21tSa0OSR Ayliz2 +y SEGSyaArgs
the south and edsrn portions of the study area. This b reef complex coupled with a drop in sea
level created a restricted basin and the accumulation of the Prairie Evaporite Formation and laterally
equivalent Muskeg Formation (Rogers, 2017) -I8eal continued taise throughout the time of Prairie
Evapoites, allowing Sulphur Point Formation carbonates to form. The Elk Point Group is capped by a
marked shift to clastic deposition in the form of the thin Watt Mountain Formation (Rogers, 2017; Lee,
1998). Shallow nrine conditions we reestablished after th Watt Mountain Formation was deposited,
allowing for deposition of the platform carbonates of the Slave Point Formation (Lee, 1998) which

comprises the basal interval of the Givetian to Frasnian Beaverhill Lake.Gr

West of Alberta, particularly withithe Horn River Basin, the stratigraphy of the Upper Elk Point and
Beaverhill Lake Group is represented by distal equivalent deposits assigned to the Horn River Formation
(Dong, 2016). The Horn River Formatioroimprised of the lower Evie Member and upp@tter Park

Member. The Evie Member consists of a lower carbonate mudstone to grainstone followed by a black
siliceous mudstone (Dong et al., 2015). The Otter Park Member is more organic lean than the Evie

Member,and is dominated by laminated grey mudsés. The Evie Member represents a transgressive
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and highstand systems tract related to a le@nergy environment and the Otter Park Member
represents a lowstand systems tract related to a higher energy and mosggerated environment
(Ayranci et al., 2018 The Horn River Formation is largely restricted to the Horn River Basin, unlike the
overlying Muskwa Formation which is present throughout the study area. The Muskwa Formation,
which is equivalent to the Duvern&prmation in central Alberta, comprisdsetbase of the Woodbend
Group and represent deposition and renewed transgression following thestamd system tract of the
underlying Otter Park Member. The time period during Muskwa Formation deposition repsesen
basinwide inundation (transgressivend highstand systems tracts) that drowned the Cooking Lake

LX FGF2NY Ay f6SNII FyR GKS t NB&ljdzQAt S / 2YLX SE
transgression resulted in the Muskwa Formation accumaite¢Figure 3.4). Overlying the orgadich
Muskwa Formations shales is the Fort Simpson Formation. As detrital influx increased, the basin and
platform began to fill with the organilean Fort Simpson Formation. The Fort Simpson Formation is a
several hudred meters thick succession within thaidy area which largely filled the basin, resulting in

a shallow broad basin to form at the end of Woodbend Group deposition (Switzer et al., 1994).

Carbonate environments were +@stablished after Fort Simpson Rwation deposition, marking the

start of Whterburn and Wabamun Group deposition. Several carboulminated formations

comprise the Winterburn and Wabamun groups within the study area including the Redknife
(carbonate), Kakisa (carbonate), Trout Rivendstonelimestone), Tetcho (argillaceoumkstone), and
Kotcho (shale) Formations. These formations all thin towards the west, eventually shatliimgo the

Fort Simpson Formation within the Horn River Basin. This causes the top of the Fort SimpsaiioRorm
to become progressively younger fragast to west within the study area as each of the Winterburn
Group formations shateut (Ferri et al., 2015). The Devonian stratigraphy is capped, as it is nearly
everywhere in North America, Frasnitamminan age black shales which are assignedie Exshaw

Formation in the study areas (Morrow and Geldsetzer, 1988). The Exshaw Formation spans the
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DevonianMississippian boundary and represents a global climate shift and ocean eutrophittetion
resulted in widepread organierich mudrocks to accumulagaplan and Bustin, 199®roposed causes

of this shift include a cooling of marine temperatures due to increased ocean productivity and lowering
of CQ concentrations leading to changes in ocean circulations which may have promoted ocean
overturn and eutophication across the Devoniavlississippian boundary (Caplan, 199/Me

Mississippian Banff Formation overlies the Exshaw Formation. The Middlei@®tw@hower

Mississippian stratigraphy of the Liard Basin is represented by the siliceous shale8ebthRiver
Formation (Figure 3.4). The interval between the Keg River and the Banff Formations in the Liard Basin
represents a deefvater succession efdvalent to the carbonate and shale packages discussed above.
Although the Keg River and Banff formaiscare not distinguished as such within the Liard Basin, several
markers are mappable which are considered equivalent to formations in the Horn RiveisBels as

the Muskwa, Exshaw and Kotcho (Ferri et al., 2015).

The Carboniferous and Permian stragipghy is mainly composed of the Banff Formation and Rundle
Group which comprises several transgressagressive cycles, (Morrow and Geldsetzer, 198@),
Mattson Formation within the Liard Basin, and the Fantasque/Belloy Formation. The Rundle Group
comprises several transgressivegressive cycles and is composed of several formations that range in
lithology from clean carbonates (Pekisko Formatiorgrgillaceous carbonates and shale (Shunda and
Debolt formations) (Morrow and Geldsetzer, 1988; Richat@94). In the Liard Basin, the Rundle Group
is overlaid by the Upper Mississippian to Pennsylvanian Golata and Mattson formations. The Golata
Formationrepresents marine shelf and prodelta shale deposits and the Mattson Formation is mainly
composed of diaic deposits (Richards et al., 1994). The Perragad cherty sandstones and
dolostones of the Fantasque/Belloy Formation are relatively thin or almeoiss the basin (Hendersen
et al., 1994). The Triassic Toad Formation is only preserved in théBassird otherwise the stratigraphic

record from the Permian through to the Cretaceous is not preserved in the studylaesto a
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significant drop in sekevel during Late Permiawhichled to a period of erosion The beginning of
compressional deformatioduring the Jurassfarther erodedearlier deposits as the deformation front
movednortheast (Wright et al., 1994T.he Cretaceous stratigraphy is domted by deltaic, fluvial, and
marine deposits of the Albian to Cenomanian Fort. St John Group (Bi18f). Upper Cretaceous
sediments are largely absent from the stratigraphic section due to Tertiary erosion. The stratigraphic

section is capped by Quatery overburden.

3.3 Methodology

This study focusson reconstructingthe basir{s)througha series 61Dbasinmodels across the study

area (Fige3.9 ® ¢KS Y2RStad 6SNB o0dzAf il dzaAy 3 { dofdeizy o SNH SN
for the models b be fully representative of the basiall of theinputs need to be definedccording to

the best avdable knowledge and datamportant modeling inputs include lithology for the entire

stratigraphic column, souremck properties, boundary conditionseat flow, surfacewater interface

temperature, and paleavater depths), erosion and hiatus events, aadythermal maturitycalibration

data available (mainly vitrinite reflectaneemd Tmak Someinputs, such as heat floand Tertiary

erosion areparticuarly difficult to constrain therefore,sensitivity analyis (detailed in section 3.4.1)
wasperformedon each model to address these uncertainties and ensure the final moefldsted the

most likelycase

3.3.1 Lithology
Accurately defining the litHogy of individual stratigraphiotervals(Devonian to Present) @itical

during basin modeling. Dérent rock types exhibit different petrophysical properties (chemical,
mechanical, and thermal) which affect the simulation of the numerical models-désmed lithologies
were created within PetroMod® for each stratigraphic pioyt mixing several presdined lithologies. The
Lexicon of Canadian Geological Names (Natural Resources Canada, Government ¢f20a&f)eatzd

important referencesherein werethe main source for generalized lithological descriptidi'@hin the
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study area there are significafitt OA S& OKlIy3Sazx Ay Of dzRAYy3I GKS Wakl f A
formations. The lateral variation in lithology associated witbrschanges is captured by formation

nomenclature and, therefore, the lithological descriptions used in the moddfoigexample, the

Redknife Formation and Fort Simpson Formation are laterally equivalent but have two unique lithologies

as shown in Table.B. The lithology for each formation and member, however, was kept consistent
GAUGKAY SI OK ¥ 2 NNmitdTRi®iyaGinplifc&tinias lateral facies dhandes occur across

the large geographic extent of the study arélehe facies changes théd occur within each formation,

however, were deemed to not have a major effect on the overall model results arelthverefore kept

consistent¢ KS fF0SNIf ! GKeQa g o! GKeX mdontd ¢l a dzaSR
Sekiguchi Model (Sekighi, 1984) was used for thermal conductivity. The thermal conductivity of mixed
lithologies is calculated by geontally averaging the rock matrix and pore fluid values. The calculated

thermal conductivity values were used for each mixed lithology.gewodogical ages for each interval

was determined based on the age range provided bylLtindcon of Canadian GeolagiNamesvhich

are either based on biostratigraphy or basedtba weltdefined stratigraphic relationships that exist for

the WCSBTable3.1 illustrates the stratigraphic formatiordages and their respectivéithologies

thermal and mechanical propies used in the models.

3.3.2Source Rock Properties

In the study area the main Devoniaiged petroleum source rocks datee Evie Membeof the Horn

River Groumand the Muskwa and Exshdarmations(National Energy Board et al., 201The Burnham
1989 TI kinetic model was used for all three source rock intervefss kinetic model, which uses the
Arrhenius rate constants to calculate uiite reflectance, has been proven to be a reliable method and
works well over a wide range of conditions, includimgh maturity samples (Burnham and Sweeney,
1989) This kinetic model is integrated into the Easy %Ro model (Sweeney and Burnham, 1230 wh

used in many basin modeling studies and is the default method for PetroNBak®d orwhole-rock
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pyrolysis aalysiscurrenthydrogen indices are generally <50 mgH@f/gock,and TOC has an average
of 3wt%for both the Muskwa and Evie intervalsidaslightly higher for the Exshaw Formation (Wilson,
2017).0riginal TOC and HI values were approximately 4.7 wt¥dat mgHC/g (Jarvie et al., 2007;

Jarvie et al., 2004).

3.3.3 Boundary Conditions

There are hree boundary conditionthat mustbe definedfor the basin modesimulations heat flow

through time;sedimentwater interface temperature (SWITand paleewater depth (PWD). Both
presentday and paleo values must be defined. All of the boundary conditions help to define the thermal
constraints othe model, with heat flow being the most important of the thréggure 3.Gepresents

the generalized trend of thesthree parameters versus tinfeom the B012-L well in the HRB

3.3.3.1 Sedimerwater interface temperature and Pale@ter depth

The SWIT values throughout the history of the basin were defined by using the Wygrala (1989) model
for Global Mean Temperate at Sea Levelhe Wygrala (1989) method uses presday latitude and
paleowater depth data to extract the temperature at seadt over a series of geological time steps.
Using a present day latitude of 99, the SWIT in the study area ranges froto 25.3°C, with peak

temperatures at 100 Ma at a paldatitude of approximately 53N.

PWDwas basean the paleogeographic maps atite basin evolution history (Wright et al., 1994,
Mossop and Shetsen, 1994) is known that the PWD is an important pareter for compaction and
pressure effects, along witBWIT(Bruns et al., 2016PWDduring the deposition of the Evie and
Muskwa mayhave been in excess o0@m (Stasiuk and Fowler, 2004pwever, due to the potential
difference in magnitudef PWD andhe overall thickness of the WC®Bseveral Kometers, the
uncertainty of the PWD does not have a significant impact on the modputau In general, PWD
decrease over time as Western Canada transitioned from dominantly marine settings to dominantly

terrestrial and marginal marine settings.
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3.3.3.2 Heat Flow

The SWIT anBWDdefine theupperthermal boundary of the basirrhelower boundaryrequires
mapping of the kat flow. Heat flow maps (Weides and Majorowicz, 2014; Majorowicz, 2005) are
important references for the determination of presenfy heat flow within the study area (Figure 3.7).
The continental average value of heat flowrld-wide is 65 mW/m (Allen and Allen, 2005). Within the
study area, howevepresent dayheat flow varessignificantly with values generally the highest in the
NE corner of BC and lowest within the Liard Basin (Majorowicz and Jessop, 1981; Majtralijcz
2005). Heat flow within the Liard Basin represents a localized low (Majoretvitz 2005).Currerily

heat flowin the HRB, Cordova Embayment, and western Alberta areaignéficantly elevategreaching
values near 100mW/fmHeat flows are often elevated during times of inversion due to the exhumation
and removal of relatively hot rocks (Bruns et aD14). Therfore, heat flow values within WCSB have
likely been elevated above the continental average since the Eocene. Due to the large uncertainty
around heat flow evolution through the geological histagmsitivity analyiswas used to irtonstran

this paramete andincreasingconfidence in thdinal models.A heat flow value of 65 mW/Awas used
from the Middle Devonian to Late Cretaceous as elevated predaptvalues minimize the ultimate of

impact of heat flow during the Mesozoic and Paleozoic.

3.3.4 Erosin Eventsand Hiaii
The main tectonic everdf importance to petroleum system analysesvestern Canada was the

formation of a thick sedimentary foreland wedge associated with the Laramide Orogeny and the
subsequenuplift anderosion of @rts of the faeland wedgeAttempts at quantifyingCenozoi@rosion
have beenmadeby many studies through botlicompactionbased methods (Magara, 1976; Connolly,
1989; Polcheau, 2001; Aviles and Cheadle, 2015) and organic maturity based methods (Hdcqueba
1977 Nurlowski, 1984England and Bustin, 1986; Osadetz et al., 1990)e$timated amounbf

erosion rangsefrom 520m (Magara, 1976) to overldn (England and Bustin, 1986), depending on the
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method used by the researchers and the proximityite fold and thrustbelt. Within the Alberta Deep
Basin, many of the values cluster around 1:2000m (Polechau, 2001and a basin moddbr the same
areasuggested thaR000m of erosiorwas requiredo match the observedhermal maturity of the
Cretac®us Blackstone Foration (Aviles and Cheadle, 201%B)e tectonic regimeluring the Jurassic

and Cretaceousaried along the length of the fold and thrust beitith a higher degree of strike slip

motion occurringin the NEBGtudyarea. This change of temic stylewill have affected thedegree of
erosion.The limitsfor the eroded section ahe modeled well locations for this study ranged from 440

to 2250m. This range waderivedbased on knowledge of geologic history and results of-defihed

and cdibrated modelsMinor hiatii and erosion events were inptitroughout the model based on

analyses ofhe stratigraphic record-or example, the Devonian and Mississippian Periods were a time of
continuous deposition, whereas much of the Permian, Triaasid Jurassic wetéanes of non

deposition and/or erosion (Maclean and Morrow, 2004), represented by a lack of preserved formations
within the stratigraphic record (Figure 3.2). The different tectonic events and their associated ages

(deposition, erosiorand hiatii) are deéhed within the model inputs.

3.3.5 Calibration Data
Calibrationto thermal maturitydata isparamountfor anaccurate model. Since the inception of basin

Y2RSt a Ay U KitlnitsSreflatfadce WRdas beRrithe most common lidaration parameter
(Mukhopadhyay, 1994). Well locations for this study were preferentially picked based on the availability
and number of VR data points. Unfortunately, reliable VR data is sparse throughout the study area. The
main source rocks of interegere deposited iimarine environment&nd Devonian strata prdate

significant land plants which are the precursors of vitrinits. a&esult, many of the reflectance
measurements were completed on indigenous bitumen or bituriles substances, not vitrite. There

have keen several bitumen to vitrinite correlations developed (Jacobs, 1989; Landis anAd;49@5;

Schoenherr, 2007). These correlations are limited to certain maturity windows and tend to be affected
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by the lithology of the formation, hoewer, there isufficient support availablén the literatureto use
bitumen reflectance values in placé\atrinite (Jacob and Hiltmann, 1985; Reidide391; Gentzis1991;
Landis and Giano,1995).Unfortunately, reflectance measurements from the poldatabase do not
always explain the bitumen to vitrinite correlation used which reduces the confidence in the data.
Nonethelessthese VR values are still the beatibration data available. Breaswhere VR data points
were not available, Tmax values were converted &8 %lues using the Jarvie (2001) equatdsvolved

for the Barnett ShaleThese values should be taken with caution since it has been shown that such
formulas are not idealvhen usedon formations different than the formation used for calibration, as is
the case when using the Barnett Shale derived Jarvie (2001) equation on the Muskwa and Horn River
formations in this study (Wust et al., 2013). The Tmax database for the area isiextdmax data was

not always used directly in the modeling describedeneecause the values were often anomalously low
due to the high maturity, however, the available data was used to corroborate the model results and
thermal maturation trendsAlthoughthe study is focused on Paleozoic source rocks, data from younger
formations was used wire available TheLaramide Orogengffected the entire Pha@rozoic

sedimentary succession which warrants treeof data fromyounger formatios when reliable

Devonia data isabsent Table3.2 exhibits the well locations of the 1D modalsd their associated

calibration data.

3.3.5 Sensitivity Analysis
Basin modeling necessitates that several input variables are defined before the model can run, and

while some suchsthe stratigraphy of the WCSB are well defined other variables are difficelt to
constrain. Completing sensitivity analysis helps to constrain certain variables to a range of reasonable
values based on what is known, thereby increasing the confidehttee results. For each 1D model,
dozens of iterations were completedtwislight changes to variables such as boundary conditions,

lithologies, heat flow, and erosion amounts to determine the influence of these variables on the basin
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history. The main é@rations involved in sensitivity analysis involved varying heat floweasglon. In
order to understand the affect heat flow and erosion has on the presegtthermal maturity of the
area, each variable was systematically varied one iteration at a Tiliie.approach allowed for the most
likely solution to be modeled with cdidence and provided quantitative results on the affect heat flow

and erosion has on the present day thermal maturity of the study area.

3.4Results
The large study area encompasses four distinct areas: the Liard Basin, the HRB, the Cordova Embayment

andadjacent intrabasin areas, and western Alberta. These areas differ based on stratigraphy,
magnitude of Tertiary erosion, subsidence rates, and tménijy of the onset of hydrocarbon generation.
The results will be presented in terms of one representatiage study for each area to highlight how
the burial and thermal maturity histories vary across the study area. Table 3.3 contains the input
variablesfor each of these four models. To better understand the results of the basin models, the
findings from tke sensitivity analysis is firstly described and then the burial and thermal history results
are presented and discussed. All burial depths were obthinom backstripping the model to the age of

interest.

3.4.1Sensitivity Analysis
Basin modeling is a peerful tool for understanding the basin evolution, burial history, thermal

maturation and the multitude of dependent relationships that exist betwégut variables. However,
because the models require such an extensive suite of factors to be definedigh@large amount of
uncertainty involved, even in well calibrated models. Sensitivity analysis increases the confidence of the
model results by fiding a range of reasonable values for variables that are less constrained, such as
heat flow and erosion hich are the focus of sensitivity analysis herein. Many basin modeling studies

use some form of sensitivity analysis (Bruns et al., 2013; Grobe 204b; Bruns et al., 2016), often

focusing on heat flow and erosion similar to this study. For the mdidelissed here, heat flow was
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originally held constant using the continental average value of 65 n\&fd erosion was varied to get
an understandingf how foreland subsidence depth and subsequent erosion effected pratagnt
maturity. Heat flow was themaried using several different erosion values in order to quantify the effect
of heat flow on presentlay maturity. The heat flow and erosion valueséach iteration and the

resulting maturity variation for model-Q95-L is presented in Table 3.4.

Whenvarying the amount of erosion in each model, estimation of the thickness of units that are no
longer present in required. For example, in th@¥5-L well models, erosion ranges from 1600 m to

3200 m, and thus this same amount of sediment must first beodiépd.

The extra thickness of sediment results in deeper maximum burial of the model. As a result, the source
rock intervals are exposed to high@ntperatures when erosion increases thereby increasing present
day maturity values. If heat flow is heldrtant, the overall slope of the calculated preseiaty

maturity curve stays the same and simply shifts laterally along the maturity axis with aagseor
decrease in erosion (Figure 3.8a). For every 200 m change in the amount of erosion, thermigy matur
shifts by approximately 0.2 %Ro in the Devonian shale intervals for all wells. The amount of erosion for
the C095L model that best fits the céaliation data ranges from 2600 to 2800 m (Figure 3.6a). However,
in order to accurately calibrate the dateom the Exshaw, Kotcho, and Klua formations the slope of the

maturity curve needs to be altered.

The slope of the maturity curve is a product of bbew and thermal conductivity. Increasing heat flow
increases the geothermal gradient and will steepla slope of the maturity curve. In Figure 3.8b, the
slope of the curve within the Devonian shale intervals increases from 0.5 log %Ro/km to 0.85 log
%Ro/km for a change in heat flow from 65 mW/to 80 mW/n¥. An increase in heat flow of 5 mWm
will resultin an increase in calculated presesdy maturity of 0.3 %Ro in the Devonian shales. The

iterations for the model @95-L that use a heat flow valusg 85 mW/n¥ exhibit the best fit to the
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calibration data, necessitating a slope of over 0.9 log %Ro/landorately model the high thermal
maturity in this part of the HRB. In the final model for this example values of 1565 m of erosion and 88
mW/m? for heat flow were used. Based on the detailed sensitivity analysis, the confidence in the erosion

and heat flav values for the final models is within 50m and 1 m\&/nespectively.

Thermal conductivity can also significantly alter the slope of the maturityecand resulting present

day maturity values, particularly if the stratigraphic section has a signifisantint of coal (low thermal
conductivity) or salt (high thermal conductivity). The stratigraphic succession in the study area is well
known and, inérms of relative percentage of the total thickness, is mainly made up of Devonian and
Mississippian carbate packages and organic lean siliceous/carbonaceous mudstones and siltstones,
and Cretaceous clastics. These lithologies all have similar thern@udorties, and altering the

thermal conductivity for any given unit to the point of significantly aftgrihe preseriday thermal
maturity would require unreasonable lithology mixes. Figure 3.9 is a tornado plot demonstrating the
effect of erosion, heaflow, and thermal conductivity on thermal maturity for a relative change in each
variable of 10%. The rek is a change in maturity of 0.4 %Ro for heat flow, 0.3 %Ro for thermal
conductivity, and 0.2 %Ro for erosion. This relative change in maturitedetathermal conductivity is

for a 10% change to the entire stratigraphic unit. However, a change imgieonductivity on a
formation by formation basis causes a far smaller effect, with thermal maturity only changing by 0.04

%Ro for a 10% shift ingtthermal conductivity of the thick Fort Simpson Formation.

The amount of erosion varies greatly acrdss study, from 2250 in the Liard Basin to 440 m in Alberta,
but the erosion values for each model can be used with confidence due to sensitivityingoddiis
overall decrease from west to east and the range therein agrees with the estimated values from
previous studiesNlagara, 1976; Hacquebard, 19MNurkowski, 1984; Weiss, 1985; England and Bustin,

1986 Connolly, 1989; Osadetz et al., 1980Ichea, 2001; Aviles and Cheadle, 2p15
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The high degree of thermal maturity within the Devonian petroleuntesysof NEBC is accurately
modeled with an overall elevated heat flow and geothermal gradient and moderate erosion values
reflecting the oblique naturef plate convergence in northern BC (Gabrielse, 1985). The detailed
sensitivity analysis of 24 well logats provided knowledge on regional variations in heat flow and

erosion and how these variables effect the lateral and stratigraphic variation ipetineleum system.

3.4.2Burial and Thermal History
The following section outlines the burial and thermatbry results from the series of 1D basin models.

Table 3.4 represents informiah on the present day total vertical depth (TYB)aximum depttand
maximum burial for the Mississippian/Devonian source rocks of interest from the burial history models.
Maximum burial for all units occeibetween 65 to 60 Ma based on previous basin modeling studies
within the WCSB (Kalkreuth and McMechan, 1988; Mareb al., 1993; Wright et al., 1994; Higley et al.,
2009; Aviles and Cheadle, 2015). All of the models expmzisimilar basin histories throughout the
Devonian and Mississippian Periagsontinuous deposition and subsidence of shales and carbonates.
Thee are slight differences between the four main areas of this study in terms of Permian to Jurassic
events. Almodels are heavily influenced by foreland subsidence and subsequent erosion; however, the
relative importance of such events differs greatlyass the study area. The following descriptions of
burial history are illustrated by Figures 3.i1@and 3.11al. Table 3.5 summarizes the time (Ma) that

the various source rocks entered different stages of hydrocarbon maturation including the start of oil
generation (0.6 %Ro0), the start of wet gas generation (0.9 %R0), end of wet gas generation (2.0 %Ro0),

and the dy-gas preservation limit (>3.0 %Ro0).

3.4.2.1Liard Basin

The Liard Basin is bounded to the east by the Bovie Fault complex, a prominentrsirtezture that
plays an important role in the burial history of the area as it led to significantly deep bapths in

the Liard Basin compared to the Horn River Basin (Hayes and Costanzo, 2014; Ferri et al., 2011). The
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Nexen Beaver D64-K well idocated in the northcentral portion of the Liard Basin, near the

deformation front and is used to representetiiard Basin. This model uses a present day heat flow of
68 mW/n? and has a preserday geothermal gradient of 3@/km. The model begins witheh

deposition of the Middle Devonian Dunedin Formation carbonates and is followed by continual
deposition and shisidence through to the Late Carboniferous. Devordgad extension and the first

stage of Bovie Fault movement allowed for the prolonged accatioul of sediment throughout the
Devonian and Carboniferous. As a result, thick sequences of the Besa Rivattsmh formations

were deposited. The Evie and Muskwa markers within the Besa River Formation were buried to depths
of 3225 and 3110 m with cagsponding temperatures of 10C and 10%C, respectively by the end of
Mattson Formation deposition approximdie310 Ma.These burial and temperature conditions were
sufficient for the Evie and Muskwa markers to enter the oil window. Within the Liard,Bxlsi

generation was found to begin as early as 345 Ma. Partial erosion of the Mattson Formation along the
sub-Permian unconformity (Morrow et al., 1993) caused minor levels of uplift within the basin before
further burial caused by the deposition of thkantasque and Toad/Grayling Formations. From the Late
Triassic to Early Cretaceous the basin mainly experignegdds of hiatus/nordeposition, as a result
thermal maturation remained relatively constant. Between the Late Carboniferous and Late Jurassic
calculated vitrinite reflectance values for the Muskwa and Evie makers only increased from 0.6 to

0.9%Ro.

During Cretaceous foreland subsidence the rate of deposition increased substantially, with an average
uncompacted subsidence rate of 48 m/My. Basedlte calculated model results, by 60 Ma the Evie

and Muskwa markers reached maximum burial with depths of 38 &nd 5260 m, and maximum
temperatures of 238°C and 234°C, respectively. The corresponding calculated thermal maturity values
during maximum bual were 3.4 %Ro for the Muskwa and 3.5 % Ro for the Evie. At the end of foreland

subsidence, the majority ohe stratigraphic section (Fort St. John Group through to Dunedin Formation)
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had reached a thermal maturity necessary for the generation of hyatbmmn liquids. Within the Liard

Basin, maximum foreland burial depths for the Devonian shales exceed 4500tenguetatures

exceed 220°C, according to the burial models. As a result, by the time the basin reached the maximum
burial depth the Devonian stabunits were well within the gas window or overature. Subsequent

erosion of the 2250 m of Upper Cretaceoeslisnents corresponds to a Tertiary erosion rate of 85

m/My. The uplift and erosion of the basin largely ended the thermal maturation of the Devaomits

with calculated presentlay values for the Muskwa and Evie units ranging from 2.3 to 3.8 %Ro.

3.4.22 Horn River Basin

The Direct Gunnel-@95-Lwell is located in the southeast portion of the HRB. The model of this well
uses a presentiay heatflow of 88mW/nt and a presentlay geothermal gradient of 41°C/km. The heat
flow value is derived from the setigity analyses results and previously published presitayt heat

flow maps (Weides and Majorowicz, 2014). The geothermal gradient is calcfriatethe presentday
reported downhole well temperature results throughout the stratigraphic section of thidehd he
Muskwa Formation was buried to a depth of 2025 m and reached a temperature of 83 °C by the Late
Carboniferous. Although this model imneskcontinued subsidence and deposition of sediments from the
Middle Devonian to Late Carboniferous, namely tiiek accumulations of the Fort Simpson and
Mattson formations, the depth and temperature conditions by Late Carboniferous were not sufficient
for hydrocarbon generation within the Muskwa Formatidine Mattson Formation was subsequently
eroded due to movment along the Bovie Fault, as were the deposits of the Toad and Fantasque
formations (Maclean and Morrow, 2004). The erosion of the MattsontadSgunie and Toad formations
caused by slight uplift of the basin was followed by a period ofdeposition unti Late Cretaceous
foreland subsidence. Despite the relative constant depth of burial throughout the Permian and Triassic,
the results of this moel show that the Muskwa Formation entered the oil window by the Late

Triassic/Early Jurassic (200 Ma), likelg tb the sustained high temperatures over these periods

80



allowing for the kerogen to gradually reach maturation. Thermal maturity of the Muskwagfion
slowly increases during the Jurassic. During foreland subsidence the Muskwa Formation reached
maximumburial depths and temperatures of 3035 m and i®@5corresponding to an uncompacted
subsidence rate of 30m/My. The thermal maturity of the Muskveamation increased to 2.0 %Ro
during foreland subsidence, with the majority of the Devonian strata entehiagtl window with burial
depths in excess of 2300 m and temperatures in excess ofCL6Dhe Paleogene erosion of Late
Cretaceous deposits faoinis model is 1565 m. Calculated preseiaty maturities range from 1.4 %Ro in
the Exshaw Formation, 2.1 %Rdhe Muskwa Formation, and 2.6 %Ro in the Klua Formation for this

model.

With the spatial control provided by the large number of well modelsinuwhe HRB the intrabasin
variations in basin evolution can be assessed. For instance, the onset age oénitiganvaries from
335 Ma in the northwest to as late as 110 Ma in the southeast. This is mainly due to the increased
amount of Paleozoic subsidce and accumulation experienced in the northwest portion of the HRB.
Despite the large variation in the onsage of oil generation, all of the HRB models predict the strata
had calculated maturities of between 0.6 and 0.8%Ro at the onset of Cretacgelasfl subsidence.
Maximum burial depths during foreland subsidence range from 4400 m to 3000 m for the Maskwa
Horn River formations, and erosion magnitudes range from 1500 m to 2180 m. Calqriesedtday
maturities of the Muskwa and Horn Riverfations ranges fronthe wet gasstagein the south and
southeast (%R0 = 1.6) to overmature in ti@thwest (¥Ro = 3.3)ln general, thermal maturitiefor the
Devonian shale unitare within the dry gas window for most of the HRB with an average refleeta

value of 2.20Ro0 for the Muskwa Formation.

3.4.2.3Cordova Embayment and Adjacent Areas

The burial historpredicted by the models in this area are similar to those within the HRB, for example,

the depth of Paleozoic burial, thickness of the eroded section, and heat flow are relatively similar to the
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HRB models. The featured model for thisa(loe Union Shdle A094-G) is located in the southern
portion of the Cordova Embayment. This model uspseaentdayheat flow of 88mw/mi and a

thermal gradient of 37C/km, which is calculated from the presestdy temperature results of this

model. uring the Paleozoj the Muskwa Formation reached depths of 1830 m, corresponding to a
temperature of 76°C. Paleozoic subsidence was less in the Cordova Embayment, resulting in thinner
accumulations of the Fort Simpson and an absence of the Mattson Fomeatd shallower brial

depths for the Muskwa Formation. Depths remained constant throughout the Permian, Triassic, and
Jurassic. The model calculates that the Muskwa Formation entered the oil window at 115 Ma. Maximum
burial depths and temperatures for ¢hMuskwa Formatiokuring foreland subsidence were 2920 m

and 183°C, respectively. This model experienced an uncompacted subsidence rate of 2®ovikty.
foreland subsidence, the calculated thermal maturity of the Muskwa Formation increased to 1.8%Ro.
The majority of theDevonian strata reached maximum burial depths and temperatures above 2000 m
and 150°C, respectively, corresponding to calculated thermal maturities above 1.0%Ro (early wet gas
generation).The Paleogene erosion of upper Cretaceous depdaitthis modeld 1650 m,

corresponding to an erosion rate of 55 m/M3resentday modeled maturities for the Muskwa and Klua

Formations in the Cordova Embayment model are 1.9 and 2.1%Ro, respectively.

The models within this portion of the study aredatdate the onsetf oil generation for the Muskwa
Formations as early as 190 Ma in the models directly east of the HRB and as late as 115 Ma in the
Cordova Embayment modé@iaximum burial depths range from 3800 m to 2920 m and erosion
thickness range frora085 to 1640 m fothe Muskwa FormatiornThe presenday calculated maturities

for the Muskwa Formation range from 1.5 to 2.5%Ro0 with a calculated average thermal maturity near

the wet gas/dry gas boundary at 2.0%Ro.
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3.4.2.4Western Alberta

The modelsn western Albertaare characterised by shallower burial depths than the models within

NEBC. The 100/e22 well is located at a longitude of 118.8°W, with a pres#ay heat flow value of
66mW/m?and a thermal gradient of 3C/km. The burial depth of the ikwa Formation bthe Late
Carboniferous was 1400 m with a corresponding temperature of 70 °C. As with the Cordova Embayment
model, depths and temperatures stayed constant throughout the Permian to Jurassic. The Devonian and
younger strata remained immata for the majorit of the burial history, never experiencing depths and
temperatures sufficient for hydrocarbon generation until 65 Ma during maximum foreland subsidence.
The maximum depth of burial for the Muskwa Formation during foreland subsidenc&888sn with a
corresponding temperature of 92 °C. These conditions correspond to a thermal maturity of 0.61 %Ro.
The eroded section thickness for this location is 525 m, corresponding to an erosion rate of 17.5m/My.

The calculated preserttay maturity forthe Muskwa Formadtin is 0.62 %Ro.

The basin models for western Alberta show that burial depths are significantly lower than the models for
NEBC. This includes early burial (Paleozoic), as well as maximum burial depths during foreland
subsidence which rangeom 1745 m to 260 m. The shallower burial depths results in significantly

lower thermal maturities for the Devonian strata when compared to the NEBC models. Maximum burial
temperatures range from 82 °C to 115 °C, resulting in calculated prdsgnmatuity values of betveen

0.5 to 1.15 %Ro. The earliest onset of oil generation is 100 Ma for the model nearest the BC/Alberta
boarder, this model has a calculated preseialy maturity for the Muskwa Formation of 1.2 %Ro and all

of the Devonian and Mississiign strata reachhe oil window. However, further east in Alberta the

Muskwa Formation is still immature at preseday.
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3.5Discussion

3.5.1Thermal Evolution
The basin models located throughout the study area provide insight into the thenaalrity history of

24 locatons within the study area. There is insufficient data at this time to justify the generation of a 3D
model, however, integrating the data from the 24 1D models into regional @@stions enables basin
wide analyses of petrolen system evolution. The samatic crosssections in Figures 3.13 to 3.15
illustrate the basin architecture and thermal maturity prior to the major phase of subsidence (120 Ma),
during peak burial (65Ma), and present day for the north, central, and soutbents of the study area.

Foure 3.12 shows the location of each crsgstion.

3.5.1.1 120 Million Years Ago
At 120 Ma the Devonian sourgeck intervals were generating oil throughout most of NEBC, with the

notable exemption of many areas in the southgart of the study area (§iire 3.13). Throughout most

of the HRB, Cordova Embayment and Western Alberta the top of the oil window (TOW) 120Ma occurs at

a depth of approximately 1600 m. The consistency in the TOW at this time in the basins histatgds rel

to the spatially consisint heat flow of 65 mW/rmthat has been assigned to each model. Any major

deviation from the TOW is a product of the burial history prior to 120 Ma. For example, the deeper

burial in the Liard Basin during the Devonian resulitie TOW to be 300 m higher the stratigraphic

section compared to the rest of the study area. The burial depth at 120 Ma decreases from north the
a2dziK FYR FTNRBY gSaid G2 Sradge hy GKS ' G2 1'Q ONRaa
Formation in the Liard Basiwjthin the Fort Simpson Formation in the rest of NEBC, and just below the

adzZal ol C2NXNIGA2Y Ay ! f0SNII dsectidivith thd ROWFsitiag intHe A I K G f &
middle of the Banff Formation in the Liardddaand tracking close to thduskwa Formation elsewhere

in NEBC and Alberta. In the northern portion of the study area, over 50% of the stratigraphic section in

NEBC is within the oil window decreasing to under 50% in the central part of the studylaee¢a. T

crosssection (Figur®.13) encompasses less of the study area, but the oil window is nearly always
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below the Devonian shales only appearing as a thin slice in an otherwise immature area. The amount of
subsidence and therefore the thickness of seelint accumulation during thBevonianMississippian
appears to have been the main control on thermal maturation and oil distribution prior to foreland

subsidence.

3.5.1.2 65 Million Years Ago
During the time between the 120 Ma and 65 Ma cross sectioreryepart of the study areaxperience

rapid burial and a rapid increase in thermal maturity. On a regional basis, the oil window is higher in the
stratigraphic section and gas becomes overmature, particularly in the Liard Basin and northern HRB

(Figure 314). The depth to the TOW &b Ma is similar to the depth at 120 Ma, but is higher up in the
stratigraphic section due to increased burial depths. There is slightly more variation to the oil line due to

the spatial variability of heat flow values assigrte the models during thistk Y S® Ly (K-S | (2 !
section, the TOW is located within the middle of the Fort St. John Group in NEBC and at the top of the

Rundle Group in Alberta. The top of the gas (TGW) window at 65 Ma is stratigraphically lodated jus

above the TOW for the 120d/krosssection, except at the D07-J and 0204 models. At these locations

lower heat flow (B007-J) or less erosion (624) result in the TOG window to lie below where the oil

window was in the 120 Ma crosection. The oil mdow encompasses approximdge2000 m of the

A0NF GAINILIKAO aSOGA2Yy Ay GKS ! G2 1'1Q aSOiAzy 6AGK
G2 n Y Ay ! f oS NHctiomissinil&r®the-A 023aSQUDORAFaIAATGK GKS ¢h?
middle of the Fort St. Johmaup throughout NEBC and moving down through the stratigraphic section

in Alberta to eventually be located below the base of the Slave Point Formation. The lower heat flow

values combined with significantly shallower burialsa@OW in Alberta to deviateom the trend
SEKAOAGSR AY b9./ d® ¢KS ¢D2 I -bektibra This tadlagion is telitéd SEG Sy
to the large range of heat flow and erosion values from well to well. For examp&8-B and AO09-F

have relatively high heat flow&8 mW/n?) and moderate erosion (2000 m) which pushes the gas
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window further up relative to the ©28-D and B32-F models which both have lower heat flow (72
mwW/m?) and lower erosion (1650 m). Thd @ O NP Zediperierieds tha [Bwést thermal maturati

at 120 Ma, with the oil window largely below the Devonian shale units. However, the shift in maturation
by 65 Ma for the southern part of the basin is significahtsi® 2500 m stratigraphically higher from
belowthe base of the Middle Devonian OttBark Member to the middle of the Rundle Group. The
previous two cross sections had the TGW that landed within the same formations as the oil line from
120 Ma, however, the gas line forthd QQ a4 SO0 A 2 y ré#&anihg 129 kzOoK lindk XG&E\Ksfis
between the Banff and Fort Simpson formations. Heat flow values in the southern portion of the basin
are all relatively high, so despite the moderate levels of erosion and burial depths the increase in

maturity from 120Ma to 65 Ma is significant.

3.5.1.3 Pesent Day
The increased burial depths during foreland subsidence, led the strata to fall within the oil (Mississippian

to Cretaceous) or gas windows (Devonian shales) within most of NEBC (Figure 3.15). In thalpgesent
crosssections (Figure 3.15) theiglittle change in the thermal maturity. The oil and gas lines move up
the stratigraphic section, but the change is relatively minor. However, the presgntrosssections
contain the amount of eroded section as®the basin to illustrate how the basarchitecture and the
regiond distribution of oil and gas isextricably linked to the amount of sediment that was deposited
and subsequently eroded. This is highlighted even further by the -sexg®ons in Figurd.16 which

z

demonstrate how the basinhd G 2 NBE YR GKSNXIf KAZAG2NE AKATI

QX
(@]

scenarios. InallofthecrossS Ol A2y as> GKS WAYYFGdzZNBQ LI NI 2F (GKS
the exception of in Alberta.hE location of TGW is closely linkedhthe amount of eroded sediment.

The presenday B. Q @&&tRoda i& an example of how the top of the gas window mirrors the shape of

the eroded section. In general, increased erosion is matched by an upwardsf sh&tTGW. In the B to

. Q & S Oekdegtigh tolthis &ire the Q901 and A040-G models which, despite experiencing
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significant erosion, do not exhibit an upwards shift of the gas window. These two models have low heat
flow heat flow (62 mW/m) whichhas muted the effect of erosion on thikeermal evolution of this part

of the study area. Models with low erosion and low heat flow have a thin gas window and a more
prevalent oil window, as is observed in th@28-D and B032-F models inthe B8 Q & SrAfbara,y @

the continued decrease erosion towards the east, along with heat flow values near the continental
average of 65 mW/rresults in an immature to oil dominated system. The TOW is more consistent
regardless of changes in heat flow or erosibhis is highlighted in Figure 3.16 wlexr low erosion and

high erosion example oftheBQ & SOGA 2y AffdzaiN} 6Sa K2g GKS 2Af
thickness of eroded sediment. In the low erosion example (Figure 3.16a), the eroded sectioméor

models is thicker than in the gjinal crosssection, this is due to the high heat flow and lower erosion
values used in the final iteration of these models. However, in locations where the low erosion example
falls below the eroded surface fromtheY 2 &G f A1 St @ Q & OdyslaNignBicait hie I I a
and the oil window stays consisterithis is more evident in Figure 3.16b where the shift in gas is
approximately 1000 m and the shift in oil is <100inis apparent that gas is the more si#tive phase to
model in the study area0il was already being generated in most parts of the study area prior to

foreland subsidence and any amount of subsequent burial would have allowed for the oil window to
move up the stratigraphic section. Furtherrepeven in the low erosion models, ti©OW is located

near the top of the stratigraphic sectiorin the middle of the Fort St. John Group. Gas, on the other

hand, became present in the basin during foreland subsidence. Because the additional burial during
foreland subsidence led to gas genéoat the amount of this burial combined with, generally, elevated

heat flows is the driving force behind the location of the top of the gas window at prekgnt

The thermal evolution at 120 Ma differed significgrftiom north to south and west to eagtoreland
subsidence increased the thermal maturity in all parts of the study area and led to similar thermal

evolutions to take place in the north and south sides of the basin. At prelsntthere is variation in
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thermal maturity from west to east du@tthe direction of the thinning and shallowing foreland wedge,
but the variation from north to south that was observed in the 120 Ma ceaxtions has largely been

overprinted.

3.5.2Impact of Thermal Evolution anddk Generation on Present Day Hydrooarb
Distribution
The basin models provide quantitative information on the history of the basin that directly relates to

presentday oil and gas distribution and production potential. In all of the models presentain

study, peak burial depth and temapature was reached during the Late Cretaceous and beginning of the

t 1 £tS20SySd 1 26SOSNE GKS 2yaSia 2F 2Af 3ISYSNIGAZ2Yy O
of the study area (Figure 3.17). In the Hi&asin, the Devonian shales have bgenerating since the
Carboniferous, reaching peak oil generation (transformation ratio = 50%) in the early Triassic (Figure
3.18). Conversely, in the Alberta wells the onset of oil generation occurred 100 Ma atliestg# oil
generation occurred atlB, and peak generation occurred during the Late Cretaceous (Figure 3.18). In
the areas where oil generation began early, the onset of gas generation occurred earlier during foreland
subsidence and more of the strgtaphic section ended up in the dry geimdow. However, early dry

gas window can also occur in areas that experienced the onset of oil generation during foreland basin if
there is sufficient burial depth and heat flow to convert immature kerogen thenpilthen crack to gas.

This occurs in # southern portion of the area where the basin was mainly immature until the onset of
foreland subsidence where the increased burial depth and elevated heat flow caused a rapid increase in
maturity. Therefore, in areathat experienced early onset of oéreration or experienced high heat

flows during foreland subsidence the generative potential will be lesgalthe presentday dry gas or
overmature nature of the Devonian shales. However, there are locations witaibasin that have
experienced loweheat flow and moderate to low levels of erosion which have allowed for a more

expansivenil window to develomnd only a thin gas window. Such locations largely correlate to areas
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with a larger gas wetness ratio (FigB.19). Although gas wetness throughdEBC is relatively low,

there is a correlation between thermal evolution and potential for condensate production.

3.5.3 Limitations of the Modeling
The results of this study are geologically plausible, but no¢searily completely accurate. Each mbde

provides abundant information for each stratigraphic unit and each important time step, but the

nuances of variables such as lithological variability are not captured, thereby decreasing the accuracy of

the modeling This study used only 24 modelstoXlgf S 'y | NBF GKFd Sy O02YLJ aa

1YQad ¢KS Y2RSt & LINRPGARS AYyF2NNIGAZ2Y Ay (GKS RANB

taken when upscaling to a regional scale. The esesions acrosthe northern, central, and southern
parts of the basin help to fill in some of the gaps, but there are still large parts of NEBC that are not
captured by the models. The calibration data used for this study was relatively sparse and not all of the

data caild be used with complete confidence.

Basin modeling can help identify suspicious and erroneous data. For example, some reported vitrinite
reflectance and pyrolysis data reported values that required erosion levels, heat flow, or the thermal
conductivityof formations to be outside the geolagilly plausible limits of the model. Such data is likely
erroneous due to contamination of the sample from drilling mud, poorly picked Tmax value due to an
indistinct S2 peak, or due to a pyrobitumen reflectance meament that was incorrectly calibratetd

vitrinite. Although this method helps flagging bad data, it is difficult to determine how accurate the
Ww322RQ RIGlIE A& YR GKSNBT2NB K2g | OO0dzNI 4SS GKS
guantitative appoach that provides valuable informati@ven with limited data or well control. As new

data becomes available with further drilling undoubtable the models presented will require revision.
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3.5 Conclusion
Basin modeling of the Liard and Horn River Baslosjlova Embayment and western Albeptavides

insight into the burial history, thermal maturation and how the evolution of the basin has affected the

presentday Devonian petroleum systems. Important conclusions of this study include:

1 The Devonian shatewere buried to depths of 1500 to 32@0Dby the end of the Carboniferous
Period, and reached temperatures of up to 100 °C during this. 8ugal depths and
temperatures are largest within the Liard Basin, which experienced the additional accumulation
and preservation of the Mattson Formatiaiue to movement along the Bovie Fault.

9 Prior to Laramide related tectonism, the amount of Devorlidississippian subsidence was the
main control on the thermal evolution of the basin. The northwestern portion ofthidy area
experienced the most subsdce and thickest accumulation of Besa River, Fort Simpson, and
Mattson formations. As a result, this area was the most thermally evolved by 120 Ma with the
south and eastern portions remaining mainly immature umtiefand subsidence.

1 Laramide Orogenyelated tectonism was the dominant control on the preselaty petroleum
system. During the deepening for the foreland basin and subsequent uplift and erosion, all of
the models experienced rapid increase in maturitye Thajority of the 1D models experiertte
an increase in reflectance of approximately 2%Ro over a 50My time span.

1 Based on the sensitivity analysienfidence in the heat flow values is within 1mW/amd
within 50 m for erosion. Eroded section thicknesses range from 2250 m to 440 m a@oss th
study area, and heat flow ranges from 48.5 toN&/m?2. Heat flow is highest within the
Cordova Embayment and lowest within the Liard Basineandedthicknesss generally
decrease towards the east, away from the deformation front.

1 Properties associatewith lithologies, mainly thermal conductivity, have a significant role on

maturity modeling. However, ost of the stratigraphic intervalithin the study areas
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comprised of carbonate or sandstone, both of which have moderate values of thermal
conductivty, and therefore do not greatly impact the maturity profile.

Variations in presentlay heat flow is the most dominant control on maturity modeling. A 10%
variation in heat flow can cause calculated maturity values to change by 0.4%Ro, whereas a 10%
change in erosion thickness changes maturity values by 0.2%Ro. Varying thermal conductivity by
10% for the entire stratigraphic thickness has an intermediate effe¢hernmal maturity with a
variation in reflectance values of up to 0.3%Ro. Varying thermalumivity for individual

intervals, even thick formations such as the Fort Simpson Formations, has a relatively negligible
effect.

The timing of the onset of oilegeration varies greatly across the study area. In the Liard basin,

the Muskwa marker of thBesa River Formation enters the oil window in the Carboniferous and

in Alberta, the Muskwa Formation begins generating oil in the Upper Cretaceous. This large span
of hydrocarbon generation affects the preseddy distribution and potential of the studyea.

Areas that experienced lower heat flows during foreland subsidence along with moderate to low
levels or erosion have a large oil window and the gas winidamly present within a small

portion of the stratigraphic section. The areas with a largewwitlow are more likely to

produce condensate as these areas correlate to higher wet gas ratios.
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Figure35The study area in the geographic context of western Canada. The study area is outlined in red and
encompasses the Liard 8a (blue), Horn River Basin (purple), and the Cordova Embayment (orange) as well as
western Alberta. Modified from Ferri et al. (2015
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Figure36 Three stages of tectonic evolution from Middle Jurassic to Middle Eocene (Price, 1994).
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